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Introduction, objective and outline




This dissertation concerns the use of production economics to understand the relation 
between animal diseases and farm economic performances to support economic-
epidemiological decisions. In this chapter, the importance of making optimal decisions in 
dairy farming is described. Animal diseases and especially production diseases are 
important in such decision environment because they are directly managed by the dairy 
farmer. To make optimal decisions, epidemiological and economic principles should be 
integrated. Although economic principles are frequently applied in animal health 
economic studies, there are still several difficulties that hamper effective decision 
making at individual farm level. 
 
1.1 The changing decision environment of dairy farms 
 
Dairy farmers have to tackle an increasing range of complex issues when making 
decisions. The decision environment of dairy farmers is drastically changed due to socio-
economic and epidemiological changes like the increasing globalization of agricultural 
products, the introduction of the new Common Agricultural Policy (CAP), changing 
consumer preferences towards more socially responsible production, climate change 
and the increased complexity in control measures against animal diseases (Thornton, 
2010; Broom, 2011; Morgan et al., 2013). The advice given to dairy farmers need to co-
evolve with this changing environment 
 
The dairy sector is of great importance to the European economy by delivering a 
significant proportion of the EU agricultural output. About 156 million tons of milk per 
year is produced, which represents 14% of the value of the total agricultural output. The 
EU contributes to approximately 25% of the world export of milk products (European 
Commission, 2013). The number of dairy farms decreased steadily over the past decade 
with 32%. However, the average number of cows per farm increased with around 30% 
and also the milk yield per cow improved (Jongeneel et al., 2010; European Commission, 
2013). These more specialised dairy farms are often criticised with respect to animal 
welfare and food safety. In addition, there may also be an increase risk to animal health 
issues (Lean et al., 2008; Stafford and Gregory, 2008; European Commission, 2010; Jones 
et al., 2013). Pressure on dairy farm income may further increase since feed and milk 
prices are expected to become more volatile in the future (Jongeneel et al., 2010).  
 
The changing socio-economic environment challenges dairy farmers to remain 
competitive and maintain animal health and welfare on their farm. In this changing 
environment, it is important for farmers to make optimal economic-epidemiological 
decisions. Therefore, interdisciplinary collaboration and more focus on the individual 
dairy farm becomes increasingly important (Perry et al., 2001; Wilkinson et al., 2011).   
 
  




1.2 Diseases of economic importance in dairy cows 
 
Maintaining efficient dairy farming requires an optimal use of inputs to produce 
products. An important determinant for efficient production is animal health, since 
animal diseases reduce the outputs (e.g., milk production, number of born animals) and 
increase the production costs (due to e.g., lower feed conversion, increased use of 
veterinary products, more dead animals). In addition, disease outbreaks can lead to 
lower consumer confidence, sudden cuts in consumption of animal products and price 
reductions (Boisvert et al., 2012; Niemi and Lehtonen, 2014). These effects diminish 
farm income and limit animal welfare. Animal diseases can be divided in transboundary, 
zoonotic, and production diseases and concern different decision makers (i.e. policy, 
consumers or farmers) for disease control.  
 
Transboundary and zoonotic diseases have major economic consequences on private 
and public costs, because control measures are taken mainly by policy at individual, 
collective and international level (Otte et al., 2004). The economic importance of 
transboundary diseases are often self-evident, because in many cases they cause clinical 
diseases in a large non-immune population. Transboundary diseases have emerged and 
spread due to the increased concentration and intensification of animal production, 
climate change and global movement of animals and animal products (Otte et al., 2004; 
Perry et al., 2011). An example of a transboundary disease is foot- and mouth disease 
(FMD), which is considered as one of the most important economic diseases worldwide 
(Rushton, 2009; OIE, 2014). Most of the economic consequences on dairy farms due to 
transboundary diseases are covered by the government, for example compensations for 
the costs for destroyed animals, reduced trade and/or increased food security measures 
(Meuwissen et al., 1999; Rossiter and Hammadi, 2009; Lyytikäinen et al., 2011). Policy 
measures and international cooperated vaccination programmes have been 
implemented to avoid and/or reduce economic losses, which have resulted in the 
eradication of FMD in many countries (Thornton, 2010; Perry et al., 2011). Zoonotic 
diseases, such as Brucellosis, Bovine Spongiform Encephalopathy (BSE) and Rift Valley 
Fever (RVF), are of particular concern because they not only affect animal health, but 
can also transmit from animal to human (Otte et al., 2004). They are therefore not only 
of economic concern at farm level, but may also be a threat to public health. 
  
Production diseases apply to all those diseases and threats that are caused or enhanced 
by management or nutritional factors affecting efficient dairy production. In contrast to 
transboundary diseases, their impact is often more subtle, because of their subclinical 
character and therefore losses are not visible for the farmer. Although production 
diseases may result in relative small losses, compared to transboundary and zoonotic 
diseases, the profit margins of farms are small and small losses can have a 
disproportionate effect on the economic profitability of dairy farms (Van Meensel et al., 
2010a). Since major animal diseases are increasingly well managed, production diseases 
become the new issue (Rushton, 2009). They are important to the dairy farmer directly, 




because these diseases are mainly of management origin and losses occur directly on the 
farm (Kossaibati and Esslemont, 1997; Otte and Chilonda, 2002; Herdt, 2006; Perry et 
al., 2011). Bennett and Ijpelaar (2005) listed the costs of several important diseases. The 
five most costly production diseases are mastitis, lameness, bovine diarrhoea virus, 
facioliasis and summer mastitis. Although gastrointestinal (GI) nematode infections are 
not included in this study, they are indicated to be an important production disease in 
dairy farming (Charlier et al., 2011).  
 
Production disease may not always be perceived as being expensive by the farmer 
(Hogeveen et al., 2011). This is probably because the costs of subclinical diseases may 
only be noted when monitoring is implemented. The economic damage of a production 
disease can spread out over years, which makes the presence of this disease less clear to 
the farmer directly (McArthur and Reinemeyer, 2014). In addition, some farmers 
perceive preventing animal diseases as a limiting factor. They decide to invest less in 
animal health and biosecurity, because they think this allows them to maintain their 
profit margins in the highly competitive market. However, such actions could also 
increase the risk toward animal diseases (Delgado et al., 1999; Weldegebriel et al., 2009; 
Liverani et al., 2013). Controlling the disease can be expensive and therefore the 
financial gain of a treatment must be higher than the expenses. Performing an accurate 
estimation of the economic impact of a disease and the potential benefit of treatment are 
therefore very important to the decision-making process of the farmer (Mulligan and 
Doherty, 2008). Approaches to evaluate the economic impact of production diseases 
therefore need to be able to determine the subtle changes at farm level.  
 
1.3 Approaches in the economics of animal health 
 
Multiple authors (e.g., McInerney, 1996; Dijkhuizen and Morris, 1997; Otte and Chilonda, 
2002; Rushton, 2009) point out the importance of applying economics in the decision-
making process related to animal health. Therefore, it is important to integrate 
veterinary, epidemiological and economic principles in one approach to be able to 
perform a correct economic assessment on the impact of production diseases and 
monitoring programs.  
 
Both veterinary epidemiology and economics advice decision-making, but from a 
different perspective and with different goals. Veterinary epidemiology provides 
knowledge on animal diseases and their impact on production, and tools to diagnose and 
control diseases. However, analysing questions about choices and problems are not 
useful when they only focus on the more technical aspects of the question and ignore the 
economic and social conditions on the farm (Malcolm et al., 2005). In economics the 
basic principle lies in making choices while facing scarcity of resources. However, this is 
not necessarily associated with improved animal health (Perry et al., 2001). Despite the 
differences in objective of both disciplines, increased cooperation is observed between 
veterinary, epidemiological and economic institutes, which resulted in ‘the economics of 




animal health’ as a field of study (McInerney, 1996; Dijkhuizen and Morris, 1997; 
Rushton, 2009). Economics of animal health is an area of agricultural economics that 
applies strategies and methods of economic analysis to animal health problems 
(Mlangwa and Samui, 1996). Work conducted in this field aims to support decisions by 
creating awareness of the costs associated with diseases. For livestock farmers, the 
economic question becomes whether they should invest in animal health. To be able to 
make such a choice, the economic effect of a livestock disease must be known. From an 
economic viewpoint, a disease will only be relevant when it disturbs the transformation 
of resources and hence affects the farmers’ income (McInerney et al., 1992, McInerney, 
1996). When the farmer finally decides to increase animal health, the question arises 
which management action is most optimal to implement. Therefore, it is important to 
know the economic value of different management decisions, because when you choose 
one management action you may not be able to use the other one.  
 
Over the years, a wide range of approaches and economic assessments have been 
published. Lot of concepts, procedures and data to support the decision making process 
for optimizing animal health have become available (Dijkhuizen and Morris, 1997; 
Rushton, 2009; ISVEE, 2012). Most of the work in the economics of animal health 
reports the economic losses due to diseases and the costs and benefits of control 
strategies (Mlangwa and Samui, 1996; Dijkhuizen and Morris, 1997; Rushton, 2009). 
Calculating the economic losses provides a better view on the impact of the animal 
disease and the losses that can be avoided (Bennett et al., 1999; Bennett, 2003). 
However, the losses are mainly used to justify expenditures on control strategies, 
without considering whether the benefits of control expenditures cover the costs 
(McInerney et al., 1992). Therefore, cost-benefit analyses are often applied to justify 
decisions on disease control. Despite the contribution in finding the optimal economic-
epidemiological decision, the above mentioned approaches are dealing with some 
difficulties that hamper an effective decision making process at individual farm level, 
which will be discussed in Section 1.4.   
 
1.4 Need for production economic principles 
 
It is not always simple to quantify the effects of a production disease, because 
production diseases are often hidden, of multifactorial nature and can act very 
differently when occurring with other diseases (Stott et al., 2010). Current approaches 
to quantify the economic impact of production diseases often fail in some of the basic 
economic principles. Production diseases can be seen as the result of an imbalanced 
input-output transformation, rather than only reducing the output (Ingvartsen et al., 
2003). Where there is output reduction there may be also input gains, for example when 
animals eat less due to the disease. Therefore, the economic evaluations should also 
account for resource adjustments and not only consider partial measures like the losses 
in output. Additionally, production diseases may reduce the efficiency of the conversion 
of inputs into outputs on the farm (McInerney et al., 1992; McInerney, 1996). For 




example, due to a lower feed efficiency or lower reproductive performance. This results 
in lower profit margins through higher input costs and/or lower output yields. In 
addition, the relation between inputs and outputs is in most cases not linear. Therefore, 
using average ratios that implicitly assume linearity may result in wrong estimates. For 
example, the gross margin per litre milk cannot be used to estimate the economic benefit 
of a disease control intervention that leads to higher milk production. When milk 
production increases, but the input use does not change, which means an increase in 
efficiency, a fixed ratio in gross margin cannot be assumed, because the increase in 
efficiency changes this ratio. Therefore, it is important to determine the impact on both 
input and output side to improve the economic evaluation of animal diseases.    
 
The challenge is to assess the importance of dairy production diseases within a 
production-economic framework to prioritize the interventions that will be most cost 
effective and have the largest impact on the economic performance of the farm. From a 
production economic viewpoint it is also important to determine if resources need to be 
invested in disease reduction or if it is better to choose other paths to increase the 
economic performance. The question is then if disease control needs to be implemented 
at all. To deal with the complexity of the livestock farm, the animal disease and the 
decision making (implement disease control (yes/no), and if yes which type of control), 
the theory of production economics can provide an important contribution (Lawson et 
al., 2004a; Van Meensel et al., 2010a). An integrative analysis of the overall production 
process on the farm is necessary to analyse the input-output relation and how it is 
affected by an animal disease. Production economics combines the technical 
relationship between inputs and outputs and the associated prices for each individual 
farm. The technical relation is described by the production function. Using production 
economics, questions can be answered such as: what is the best combination of inputs to 
use? What is efficient production and how does an animal disease influence this efficient 
production? How do farmers respond to price differences and implemented disease 
control strategies? To answer such questions and integrate production economic 
principles in animal disease decisions an interdisciplinary approach is needed, involving 
agricultural economists and veterinarians.   
 
1.5 Lack of farm specificity  
 
The impact of dairy cow production diseases differs from farm to farm. This is due to the 
heterogeneity between dairy farms, caused by differences in farm size, productivity of 
cows, type of housing, diet, disease level, presence of other diseases and geographical 
location (Bennett et al., 1999; Gunn et al., 2004; Huijps et al., 2008; Hogeveen et al., 
2011). Consequently, economic impact assessments for production diseases should 
preferentially be farm-specific, rather than generic.  
 
Many studies in the economics of animal health mention the importance of including 
farm-specific information. Huijps et al. (2008) mention that farm-specific characteristics 




need to be taken into account when controlling for a disease, because of different farm 
management situations. Also the economic benefits of the implemented disease control 
management depend on the structure of the farm and the managerial behaviour of the 
farmer. The heterogeneity between farms emphasizes the need to make economic 
evaluations and advises custom made. This is important to persuade a farmer to adopt 
an animal health practice (Halasa et al., 2009). But in practice, the economic evaluation 
of production diseases are still mainly based on average figures. 
 
Although some studies differentiate according to the production level of cows, breed and 
housing type, the estimated impact of production diseases are mainly based on 
experimental epidemiological studies, reporting the average impact of a disease on a 
average farm. Missing explicit knowledge on the farm-specific economic-epidemiological 
relationship makes it difficult to take the optimal decision at farm level. However, 
improved diagnostics have made that the level of some animal diseases can be measured 
at herd or individual animal level and even can be linked to production data. In case of 
mastitis, bulk tank somatic cell counts can be linked to a loss in milk production (Huijps 
et al., 2008). In case of GI nematode infections and liver fluke, measuring the antibody 
level against these infections can be linked with milk production losses (Charlier et al., 
2005a; Charlier et al., 2007). The increased farm-specific information gained with these 
epidemiological studies is important to approach farm-specific analysis and decision 
making.  
 
Farm-specific epidemiological information as such is not enough for taking the optimal 
decision at individual farm level. Farm-specific economic data are also needed, which 
can be gained from farm accountancy data. The availability of standardized, valid and 
systematically collected dairy health and economic data that can be combined at herd 
and farm level are, however, limited (Bennett, 2003).  
 
1.6 Objective and research questions 
 
This dissertations brings together epidemiological and economic sciences to support 
decision making on animal health control. An interdisciplinary framing of veterinary 
epidemiology and production economics is necessary, because veterinary sciences is 
largely focussed on disease reduction, while economics is focussed on improving the 
decision making process. Within this framing the farm-specific translation of 
epidemiological and economic information is important. Given these problems, the 
central research objective of this dissertation can be summarized as:  
 
Exploring how economic and epidemiological information can be combined within 
a production economic framework at individual farm level in order to allow farm-
specific decision support on animal diseases. 
 




Within this dissertation, the focus lies on how the farm-specific economic assessment of 
animal diseases and control strategies in dairy farming can be improved. The link 
between animal diseases and the farm economic performances are studied to detect 
starting points for disease management. The purpose of this dissertation is to provide a 
framework of concepts, procedures, methods and data to support the decision making 
process in optimizing dairy farm economics and animal disease management. This 
should give us extra insights in the farm-specific effect of animal diseases and disease 
control measures. In order to meet the general research objective, four research 
questions are formulated:  
 
Research question 1: which methods can integrate economic and epidemiological 
information to perform refined and farm-specific evaluations of the economic impact of 
animal diseases and their control strategies in dairy farming? 
 
Research question 2: what is the required extent of farm specificity needed to analyse 
the relation between animal diseases and economic farm performances? 
 
Research question 3: what is the relationship between infection, technical and 
economic performance of dairy farms and how is this affected by management 
strategies? 
 
Research question 4: does the combination of improved farm-specific analysis and a 
whole-farm approach lead to improved economic-epidemiological disease management 
decisions?   
 
To answer these questions, a case of GI nematode infections in adult dairy cattle is 
chosen, because of the extensive available epidemiological information, but limited 
economic knowledge. Currently, veterinary advice about control measures mainly 
focuses on reducing the infection level and increasing milk production, without having 
prior knowledge about the effect on the economic farm performances. With this specific 
case study, extra knowledge is aimed on the farm-specific economic effects of GI 
nematode infections and control strategies in dairy farming.  
 
1.7 Case study of GI nematode infections in adult dairy cattle 
 
GI nematode infections are common in dairy cattle and are responsible for both clinical 
and sub-clinical diseases. GI nematode infections can reduce animal productivity and 
welfare. Although the occurrence and pathogenesis of infections are well documented, 
less is known about the economic impact (Perry and Randolph, 1999; Charlier at al., 
2014).   
 
The two most important GI nematode infections in dairy cattle are Ostertagia ostertagi 
and Cooperia oncophora (Torgerson and Claxton, 1999; Borgsteede et al., 2000; 




Agneessens et al., 2001; Charlier et al., 2014). This dissertation, focusses on infections 
with O. ostertagi, because (i) it is the most pathogenic GI nematode species that occurs in 
temperate climate regions, (ii), the availability of farm-specific data on levels of infection 
and (iii) the documented knowledge of its epidemiology. In Figure 1.1, the life cycle of O. 
ostertagi is displayed schematically. The life cycle of O. ostertagi is direct, consisting of a 
free-living phase on the pasture and a parasitic phase in the host. The eggs of O. ostertagi 
are excreted with the faeces, develop into the first stage larvae (L1), moult into second 
stage larvae (L2) and consequently into the infectious third stage larvae (L3) in the 
faecal pat. The development rate of eggs into pre-infective or infective larvae increases 
with an increasing temperature. Larvae migrate onto pasture in which rainfall and 
temperature are of major influence. The infective larvae are ingested with grass and 
exsheat in the rumen to form fourth stage larvae (L4) and develop into adult worms in 




Figure 1.1 The life cycle of Ostertagia ostertagi in cattle (adapted from Charlier et al., 
2011) L = larval stage  
 
Infections in young stock with O. ostertagi are important to build up immunity to 
prevent production losses at a later age (Ploeger et al., 1990). However, due to shorter 
grazing seasons and the increased use of anthelmintics the immunity of young stock in 
general decreased over the last decades. This results in more serious infections in adult 




dairy cattle (Ravinet et al., 2014). While GI nematode infections in adult cattle are 
typically subclinical, these infections can result in important negative effects on milk 
production (Sanchez and Dohoo, 2002; Sanchez et al., 2004; Charlier et al., 2005a; 
Charlier et al., 2007). A meta-analysis on the production responses after anthelmintic 
treatment reports a milk yield difference of 0.35 kilograms per cow per day (Sanchez et 
al., 2004). In addition, infections with O. ostertagi can result in inappetence and reduced 
reproductive performance (e.g., reduced calving-to-conception interval) (Coop and 
Kyriazakis, 1999; Fox et al., 2002; Sanchez and Dohoo, 2002; Forbes et al., 2008). 
 
The use of pastures for grazing is a main characteristic and traditional element of dairy 
farming in Europe. Currently, there is an ongoing trend of intensification of production 
methods, meaning high amounts of inputs (e.g., concentrates, labour, machinery) are 
used to produce a large amount of outputs. Associated with this trend, there is an 
increasing number of farms applying zero-grazing production methods. On the other 
hand, some farms shift to organic farming, where grazing and reduced usage of 
medicines are prescribed (Reijs et al., 2013; European Commission, 2014). Both 
intensification and organic farming can change the risk for GI nematode infections. With 
intensification, the access to pasture is restricted, which decreases the level of infection. 
On the other hand, higher stocking density or increased susceptibility in highly 
productive animals, typical for intensive production systems, could lead to higher GI 
nematode infection burdens (Ingvartsen et al., 2003; Fox et al., 2007). In organic 
farming, infection levels with GI nematodes might increase, because of higher exposure 
to pasture and reduced application of anthelmintics.  
 
While the cornerstone of current GI nematode control relies on the use of anthelmintics, 
grazing management strategies are since long advocated as alternative approaches to 
interrupt the life cycle of the parasite and reduce the level of exposure to infection 
(Charlier et al., 2005b; Forbes et al., 2008; Morgan and Wall, 2009; Charlier et al., 2010; 
Bennema et al., 2010; van Dijk et al., 2010). Grazing management can be preventive, 
evasive or diluting (Barger, 1997). Preventive management tries to minimize the 
pasture contamination, for example by reducing the length of the grazing season. An 
evasive management moves the animals just before the larval population of O. ostertagi 
reaches a significant level. Diluting management mix susceptible stock with non-
susceptible stock, for example cattle and sheep. The main advantage of grazing 
management is the non-chemical nature and they should thus be considered as an 
alternative when available medicines have lost efficacy due to their intensive use and 
the consequent development of anthelmintic resistance (Shalaby, 2013). Research 
shows that several management factors are able to significantly reduce the level of 
exposure to O. ostertagi. Based on the results of Charlier et al. (2005a) postponing 
turnout on pasture, mowing before grazing and restricting daily grazing time are 
proposed as possible grazing management measures to reduce the exposure of adult 
dairy cattle to O. ostertagi. Other studies show that pasture rotation, type of housing and 
stocking rate can have similar effects (Bennema et al., 2010; Charlier et al., 2010; van 




Dijk et al., 2010; Vanderstichel et al., 2012). Although grazing management proves to be 
an effective control measure, at present the economic viability has not been assessed. 
 
1.8 Data sources   
 
In this dissertation, three data sources are used: accountancy data, infection data and 
grazing management data. The dairy farm accountancy data consist of data from FADN 
(Farm Accountancy Data Network) and the Tiber Farm Accounting System by 
Boerenbond. FADN data are based on harmonized bookkeeping principles across all EU 
members. Farms are selected to take part in a survey on the basis of region-wise 
stratified sampling (De Becker, 2007), but participation is voluntarily. Boerenbond data 
are obtained from all farmers who voluntarily provide data to this accountancy system. 
Boerenbond farms do not represent the average Flemish dairy farm and mostly have a 
milk production level that is above the average FADN farm. The FADN and Boerenbond 
panels used in this dissertation includes farms from the Flemish region (i.e. the northern 
region part of Belgium). The infection data consist of GI nematode infection levels in 
dairy cattle. The data originates from a longitudinal parasitic monitoring campaign, with 
sampling performed from 2006 to 2010 (Bennema et al., 2009). During that campaign, 
the cows´ exposure to GI nematodes is determined by using the antibody detection O. 
ostertagi ELISA (SVANOVIR O. ostertagi-Ab; Boehringer Ingelheim Svanova, Uppsala, 
Sweden), which is applied on bulk-tank milk samples, described by Charlier et al. 
(2005a). The ELISA results are expressed as optical density ratios (ODR), which provide 
an indication of the level of exposure of a herd to GI nematodes (Charlier et al., 2009a). 
The farms that are present in both the accountancy and infection data set are linked. 
This results in two unbalanced data panels, which cover the period 2006-2010. The data 
panels consists of data from 57 and 184 dairy farms for FADN and Boerenbond, 
respectively. These data panels are used for empirical and analytical research.  
 
In chapter 3, the FADN and Boerenbond unbalanced data panels are used separately. 
Combining the datasets are not possible, due to differences in accountancy principles. 
This, however, allows to compare the results of chapter 3 between the two datasets. A 
total of 50 FADN and 152 Boerenbond farms are included in the analysis after using 
several inclusion criteria. The data are used to investigate the relation between the 
technical farm performances and the level of GI nematode infection.  
 
In chapter 4, only the Boerenbond data set is used. The data are pooled (by taking the 
average of each farm) over the five (2006-2010) consecutive years to avoid the effect of 
price fluctuations, seasonal effects and measurements errors. This resulted in a cross-
sectional sample of 152 dairy farms. In this chapter a third data source is linked, a 
grazing management survey questionnaire collected in 2006 (Bennema et al., 2010), to 
the 152 dairy farms. In total, management data of 84 dairy farms are available. A new 
grazing management questionnaire is distributed in 2013 and also linked to the 
accountancy data (the grazing management survey of 2013 can be found in Appendix 1). 




This results in management data of 75 farms. Following the same data requirements of 
chapter 4, the data set of Boerenbond in chapter 5 is selected. However, some extra 
criteria are set, as is described in that chapter.  
 
1.9 Outline of the dissertation  
 
The structure of this dissertation is visualised in Figure 1.2 This dissertation is paper-
based, with a strong successive relation between the different papers. It start with 
analysing the theoretical background and developing a conceptual framework, which is 
necessary to perform the empirical analyses in the following papers.  
 
Chapter 2 introduces a theoretical framework that combines epidemiological knowledge 
with economic performance measurements. First, the current situation of important 
helminth infections is described. Then, traditional economic approaches to determine 
the economic impact of infection and control strategies are evaluated, followed by the 
newest trends in the economics of animal health. Finally, an interdisciplinary framework 
is presented which allows a farm-specific evaluation of the economic impact of animal 
diseases in dairy farming. A link can be made between the input-output transformation 
of the farm and the level of animal disease and/or effect of disease control strategies. In 
addition, further improvement paths can be studied. The findings of chapter 2 
contribute to providing an answer to research question 1. 
 
Chapter 3 considers the efficiency method proposed in chapter 2 to analyse the 
relationship between GI nematode infections in dairy cattle and the technical efficiency 
of dairy farms. To consider this relation, the inefficiency effect model of stochastic 
frontier analysis (SFA) is used. The study shows to what extent the exposure of farms to 
GI nematodes affects the transformation of input(s) into output(s). The results of 
chapter 3 provide evidence on the direct effect of GI nematode infections on technical 
efficiency of farms and how this relation is affected by input usage. The results also 
reveal better insights in the farm-specific effects. Chapter 3 contributes to answering 
research questions 1, 2 and 3 and provides information for chapter 5. 
 
Chapter 4 goes one step further and introduces an additional level of farm specificity in 
the economic analysis of helminth infections in dairy farming. This chapter introduces 
an adjusted efficiency framework in combination with cluster analysis to group the 
farms and analyse differences in performances and infection levels between groups. No 
a priori assumption about the causality between the infection and performances is 
made, because two-sided causality is expected. The study improves the diagnostic 
power by making the analysis more farm-specific while maintaining the benefits of the 
efficiency analysis framework. An input allocation index (IAI) is developed, in reaction to 
the problem that traditional AE suffers from attributing the same score to different input 
combinations. The IAI improves the clustering of farms and further reveals farm-specific 




differences. The findings of this chapter contribute to answering research questions 2 
and 3. 
 
The aim of chapter 5 is twofold: (1) studying the economic effect of grazing management 
to control GI nematode infection and (2) addressing the extent of farm-specificity 
required to assess the economic impact of grazing management. This chapter combines 
the improved farm-specific insights of chapters 3 and 4 with the proposed framework of 
chapter 2. The efficiency framework from chapter 2 is combined with the analytical 
results of the inefficiency effect model from chapter 3, the homogeneous farm groups 
that result from chapter 4 and an empirical whole-farm simulation model. Chapter 5 
presents the economic value of pasture management to the farmer and highlights the 
differences between farms that give, extra evidence on the farm-specific effect that need 
to be incorporated in economic-epidemiological decisions. The findings in this chapter 
provide and contribute to the answer of all research questions. 
 
Chapter 6 discusses whether this dissertation is able to answer the research questions 
and problems indicated in the introduction. It is discussed whether better farm-specific 
economic-epidemiological decisions on animal diseases can be made and which 
attention points should be taken into consideration. The novelty of the approach is 
considered and ideas for further research are given. Recommendations are given on how 
a farm-specific decision support tool on animal diseases can be developed based on the 
findings. Furthermore, implications of the work for farmers, veterinarians and policy 
makers are described. 
 
Since the chapters consist of entire papers, the reader will find some repetition and 
overlaps. Nevertheless, the papers are structured in such a way that the reader can 
easily skip overlapping parts. 
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Helminth infections are considered to be an important constraint on livestock  
productivity worldwide. The economic impact of these infections or their control 
strategies are traditionally assessed by their effect on animal performance indicators or 
traditional economic calculation methods (e.g., budgeting and cost-benefit analysis). 
Because the impact of helminth infections becomes more subtle and is farm-specific, one 
needs more refined economic evaluations of actions meant to increase or maintain the 
health of livestock on individual farms. This paper proposes an interdisciplinary 
framework that combines the developments in the veterinary control of helminth 
infections with economic performance measurements to identify farm-specific and 
profitable animal disease control decisions. Our framework position individual farm 
performances against performance benchmarks and is based on the farms’ efficiency in 
transforming input(s) into output(s). We show how this positioning makes it possible to 
establish a linkage between input and output transformation, helminth infection levels 
and effects of control strategies. Furthermore, the framework allows for the 
identification of improvement paths that are not necessarily related to the helminth 
infection, but which may lead to other management improvements. We discuss the 
epidemiological information required and which complementary methods (e.g., 
efficiency analysis and budgeting techniques) can be used to make the framework 
operational. 
 
Key words: animal diseases, helminth, farm economics, interdisciplinary framework, 





2.1 Introduction  
 
The competitiveness of European livestock farms is being challenged by more critical  
social expectations (e.g., animal welfare and environmental sustainability) and 
increasing competition for raw materials and livestock products (Thornton, 2010). To 
remain competitive, individual farmers need to make the optimal decisions and address 
multiple issues. In this paper, we consider decisions related to animal health 
management.  
 
In the past 25 years, changes in animal health management have led to a shift in focus 
from disease treatment to prevention and from the individual animal to herds (LeBlanc 
et al., 2006). Prevention and vaccination programmes have resulted in successful 
elimination of several infectious diseases, such as rinderpest and foot and mouth disease 
(Sutmoller et al., 2003; Roeder, 2011). In contrast, helminth infections are more 
persistent and are rarely eliminated (Le Jambre, 2006). Nevertheless, the level of 
helminth infections has decreased in many production systems and their appearance 
has shifted from clinical to mostly subclinical (Vercruysse and Claerebout, 2001; 
Fairweather, 2011). 
 
The economic situation of livestock farms has also changed over the years. The pressure 
on farm income has increased due to higher production costs and fluctuating output 
prices (Thornton, 2010). This results in small profit margins for farmers, which implies 
that even minor production losses may have a disproportionate effect on these margins 
(Van Meensel et al., 2010a). Despite the relatively subtle production impact of helminth 
infections, their economic impact may still be important. In addition, each farm’s  
economic situation differs due to differences in productivity. Farm productivity depends 
on multiple factors: scale (number of production animals) of the farm, the amount of 
output produced, the amount of inputs used, the level of disease prevalence, and 
management and regional restrictions (Bennema et al., 2010; Wilson, 2011). These 
differences in farm productivity lead to differences in the farm-level economic effects of 
helminth infections and/or control strategies.  
 
In this changing socio-economic environment, the need is growing for more advanced 
economic measurements of the efforts applied to increase or preserve the health of 
livestock. In literature, traditional approaches (e.g., budgeting and cost–benefit analysis) 
are mostly used to account for the economic effect of helminth infections or control 
strategies on livestock farms (Holzhauer et al., 2011; Charlier et al., 2012b). The 
question arises whether these traditional approaches are sufficiently refined and farm-
specific to evaluate the economic impact of subtle helminth infections. The evolutions in 
the epidemiology of helminth infections and economic performance measurement have 
created an opening for the development of farm-specific economic evaluations. The aims 
of this paper are (1) to explore the recent advances in helminth control and the 
methodologies for economic performance measurement and (2) to construct an 
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interdisciplinary framework that integrates both disciplines to perform refined and 
farm-specific evaluations of the economic impact of helminths and their control 
strategies.  
 
First, the advances in helminth control and the current epidemiological situation of the  
most important helminth infections in livestock are briefly described. Then an overview 
of traditional approaches used to assess the economic impact of helminth infections and 
their control strategies is given, followed by recent developments in the economic 
evaluations of animal diseases and control strategies. Next, we present an 
interdisciplinary framework that combines the advances of helminth research and 
economic performance measurement. Finally, we discuss the prerequisites to make such 
a framework operational. 
 
2.2 Economic important helminth infections and their current 
epidemiological situation in temperate climate regions 
  
Table 2.1 presents a summary of the most important helminth infections of livestock in 
temperate climate zones and their current epidemiological situation. Scientific advances 
in helminth research have significantly contributed to reduce the economic burden of 
helminths by the development of highly efficacious anthelmintic drugs (Woods et al., 
2011), new diagnostics (Höglund, 2011; Knox et al., 2012), the quantification of risk 
factors for disease (Vanderstichel et al., 2012), and the design of efficient control 
strategies (Jackson et al., 2009; Roepstorff et al., 2011). Nevertheless, anthelmintic 
resistance is now starting to threaten the efficacy of the control strategies applied in 
several production systems (Wolstenholme et al., 2004; Sutherland and Leathwick, 
2011).  
 
The impact of these helminths and the successes of control approaches on the individual 
animal and/or the herd are typically expressed by technical key performance indicators  
(KPIs). Technical KPIs that are frequently used for cattle and sheep include daily weight 
gain and average milk yield per cow per day (Jacobson et al., 2009; Charlier et al., 
2009a). For pigs, daily weight gain and feed conversion are often used (Van Meensel et 
al., 2010a). These indicators are popular because they are relatively simple to determine 
and can quickly produce an overview of the technical performance of the farm. But they 
do not measure the effects on the aggregate economic farm performance. For example, a 
strong focus on maximising milk yield per cow on a herd may involve disproportionate 
use of inputs such as anthelmintics or concentrates, which in turn can lead to decreased 
farm income. 
 
The development of new diagnostics for the control of parasitic helminths is an 
important contribution to more refined economic calculations, because they make it 
possible to estimate the size of the impact on the production parameters, at least for 




farm and relate this to a certain production loss, which shows that infection level as well 
as impact on production parameters varies from farm to farm. For example, Charlier et 
al. (2005b, 2007) use the antibody level against gastrointestinal (GI) nematode or liver 
fluke infection to estimate the effect on milk production in dairy herds. Greer et al. 
(2009) and Jackson et al. (2009) describe that faecal egg counts can be an indicator for 
lamb live weight gain and wool production in sheep. 
 
Table 2.1 Epidemiology and economic impact of important helminth infections of 
livestock in temperate climate zones 
 





All grazing cattle are exposed. 
Anthelmintic treatment 
strategies are widely applied and 
clinical disease incidence has 
decreased substantially. But the 
incidence of nematodes resistant 
against anthelmintic drugs is 
increasing, which create a 
pressure for alternative control 
approaches.  
Reductions in 
weight gain and 
milk production.  
(Charlier et al., 2009; 
Sutherland et al., 
2010; Sutherland and 
Leathwick, 2011)  
Fasciola hepatica Prevalence shows regional 
variation depending on suitable 
conditions of the intermediate 
host snail. Infections are mostly 
subclinical, but clinical 
presentation can occur in heavily 
infected animals (mostly sheep). 
Climate change is considered as a 
threat due to the risk of 




fertility and milk 
production.  
(van Dijk et al., 2010; 




Responsible for sporadic 
outbreaks of severe respiratory 
symptoms in pasture-based 
cattle farms. Intensive 
application of anthelmintic drugs 
in young stock has led to 
increased incidence of clinical 
outbreaks in adult cattle. 
Mortality, 
reductions in 
weight gain and 
milk production. 
(Ploeger, 2002; 
Holzhauer et al., 
2011) 
Ascaris suum Infections thrive in both in- and 
outdoor kept pig populations, 
and are generally subclinical. 
Anthelmintics are commonly 
used to control ascariosis. 
Reductions in 
weight gain and 
feed conversion 
rates.  
(Dold and Holland, 
2011; Sanchez-
Vazquez et al., 2012) 
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2.3 Traditional approaches for economic evaluation of helminth 
infections 
 
Veterinary parasitologists are aware of the need to pair new control strategies 
characterised by increased anthelmintic efficacy or lower selection pressure for 
anthelmintic resistance with an evaluation of their economic impact (Learmount et al., 
2006; Sutherland and Leathwick, 2011). Economic assessments in helminth research are 
frequently based on traditional cost calculations or cost–benefit analyses. With cost 
calculations, the cost of a disease is calculated as the sum of the decrease in revenues 
from lower production plus the cost of the applied control strategies (Bennett and 
Ijpelaar, 2005; Charlier et al., 2009c; Holzhauer et al., 2011). A major drawback of this 
approach is that it assumes that the disease cost can be avoided, while elimination of 
helminth infections is nearly impossible (Le Jambre, 2006) and pathophysiological 
damage can remain after removal of the worm burden (Perry and Randolph, 1999).  
 
The use of cost–benefit analyses (Mcleod, 1995; Athar et al., 2011; Charlier et al., 2012a) 
may therefore be more appropriate, because these analyses do not consider the 
complete production loss, but rather only that fraction which can be recovered through 
use of the control strategy (Perry and Randolph, 1999). The recoverable fraction of a 
helminth-induced production loss is often very difficult to determine, however. 
Furthermore, an intense focus on specific treatment strategies may also be a drawback 
when the effect on the profitability of the whole farm remains unclear. 
 
To assess the effect on whole-farm profitability, budgeting techniques can be used 
(Rushton, 2009). Application of these techniques requires the availability of data about 
all inputs that are used, all outputs that are produced, and prices of inputs and outputs. 
When these data are lacking, partial budgeting is often used, which considers only those 
costs and revenues that change due to the infection or control strategy. A further 
simplification is gross margin analysis, where only the changed variable costs and 
revenues are considered. This method is applicable when a control strategy or disease 
does not affect the costs that are fixed in the short term.  
The results of these traditional economic assessments are expressed by economic KPIs. 
Popular examples are cost price, (family) farm income or gross margin, as expressed per 
cow per year or per litre milk production per year (Bennett et al., 1999; Ettema et al., 
2010; Charlier et al., 2012b). Calculation of these economic KPIs is often based on 
average price figures. Nevertheless, farm-specific calculations require farm-specific 
reflections. 
 
2.4 Recent developments in animal health economics 
 
During the past decade, the use of a more powerful performance measurement 




Lawson et al., 2004a; Huijps et al., 2008; Van Meensel et al., 2010a; Barnes et al., 2011; 
Hansson et al., 2011). Efficiency analysis, which is based on Farrell (1957), aims to 
identify inefficiency levels by comparing the current performance levels of farms with 
their potential optimal performance levels. The analysis is based on production theory, 
which studies the process of converting input(s) into output(s). In dairy farming, feed 
and veterinary costs are considered as inputs, while milk is the main output. The 
relationship between the maximum amount of output(s) that can be achieved from a 
given set of input(s) with a certain production technology is called the “production 
function”. Output-oriented technical efficiency reflects the ability of a farm to produce 
maximal amounts of output(s) with a given amount of input(s). Input-oriented technical 
efficiency reflects the ability to use a minimal amount of input(s) to obtain (a) given 
amount of output(s). Cost allocative efficiency reflects the ability to use inputs in cost 
minimising proportions, given their respective prices and the production technology. 
Input-oriented technical and cost allocative efficiency can be combined to provide a 
measure for cost efficiency. All efficiency scores vary between 0 and 1, where 0 is fully 
inefficient and 1 is fully efficient (Coelli et al., 2005). 
 
The existing studies that use efficiency analysis in the context of animal health 
economics mainly focus on identifying a link between the technical efficiency of farms 
and the infection level or applied control strategy. The studies differ in the way that the 
infection variable is incorporated in the production model. Choosing the right 
production model for analysing the relation between disease and efficiency is not clear-
cut, and some techniques used in this setting have been criticised. One frequently used 
method is using a regression model to analyse the effect of non-economic variables (e.g., 
animal infection) on efficiency scores. However, regression modelling appears to be 
inappropriate in some settings (Simar and Wilson, 2007; Ramalho et al., 2010), such as 
when the variables that are used to calculate the efficiency score are also integrated as 
explanatory variables in the regression model and the assumption of independency of 
the explanatory variables is violated. 
 
 
The method of calculating efficiency scores is also not clear-cut and depends on the 
assumptions made by the researchers. These assumptions relate to the direction of 
causality between disease and efficiency level and whether or not farmers can influence 
the level of infection (Coelli et al., 2005). Furthermore, the different approaches to 
calculate the efficiency score have different applicability features which need to be 
considered when making a choice. They mainly depend on the type of disease variable 
(continuous or categorical) and on the size of the data set. For example, some models are 
not suitable for small datasets because they can greatly reduce the reference set and 
increase the efficiency scores, which reduces the discriminatory power of the analysis 
(Coelli et al., 2005). 
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2.5 An interdisciplinary framework for farm-specific helminth control 
 
In this section, a framework is presented that allows for refined and farm-specific 
economic evaluations of helminth infections and control strategies. When constructing 
our framework, we have considered the advances made in the field of veterinary control 
of helminth infections and animal health economics.  
 
The production function is used for a refined and farm-specific calculation of economic 
effects of helminth infections, and allows for exploring the interaction between 
infections and/or control strategies and farm performances. In Figure 1, multiple farms 
are positioned in an input–output framework to indicate their performances. Efficiency 
analysis assumes that all farms in the data sample are using the same technology. An 
example of helminth infected dairy farms is chosen, using the inputs “concentrates” and 
“pasture” to produce one output, “milk”. For didactic reasons, the production output is 
assumed to increase proportionally with an increase of input and only two inputs are 
considered, while in reality several more inputs would reflect true farm performances 
more accurately. Based on their input use per unit of output production, the farms are 
positioned against a frontier. The frontier, which is derived from the production 
function, combines farms that use the smallest amount of inputs per unit of output. 
Consequently, the frontier serves as a benchmark for technical efficiency. On the 
frontier, a combination of inputs can be identified that implies a minimisation of input 
costs (point C). This point is situated where the isocost line is tangent to the frontier and 
depends on the prices of inputs and the curvature of the frontier. Point C combines 
optimisations of both technical and cost allocative efficiency. Becoming fully cost 
efficient is likely not possible for all farms, however. In Figure 2.1, although farms I and 
II are both not cost efficient, they generate an equal level of input costs as they are both 
situated on the same isocost line. Farm I is not fully technically efficient, but uses a 
combination of inputs that makes the farm cost allocative efficiently. Farm II, on the 
other hand, is technically efficient, but uses an input proportion that is far from cost 
allocative efficiently. 
 
Positioning farms in this framework provides additional diagnostic power. It becomes 
possible to analyse whether a link exists between the level of infection and the position 
of farms in the framework, and whether farms with a high level of infection use 
relatively more concentrates, more pasture, or both, per litre of milk produced. Are 
there fully technical efficient or cost efficient farms that have also a high infection level? 
To what extent is the efficiency of farms influenced by the level of infection? It may also 
be that the level of infection not only influences the efficiency of input–output 
transformation, but also the other way around. Farms with a particular input–output 
transformation may be more susceptible to helminth infections than other farms. This is 
suggested in a study on milking goats, where the highly productive animals are more 
susceptible to nematode infection (Chartier and Hoste, 1997). Similarly, farms that 




helminth infection, but they may not be cost efficient. Positioning farms in an input–






















Figure 2.1 Farm-specific effect of two control strategies on the input–output relation of 
farms and different position of farms according to their amount and prices (Legend:    , 
dairy farm; C, cost efficient point; I, cost allocative efficient farm; II, technical efficient 
farm; III and IV, technical and cost allocative inefficient farms; 1, management strategy 
“delayed month of turnout”; 2, management strategy “drug treatment”) 
 
The effect of control strategies on the individual farm performances can also be 
evaluated within this framework by looking at the differences before and after the 
implementation of a control strategy. Figure 2.1. gives an example of two different 
strategies: (1) delayed month of turnout on pasture and (2) anthelmintic treatment at 
calving. Both have the potential to lower the level of infection in grazing dairy cattle. 
Theoretically both strategies imply an improvement in technical efficiency for farms III 
and IV. However, with strategy 1, farm III also becomes more cost allocative efficient, 
while with strategy 2 only technical efficiency can be achieved. For farm IV, on the other 
hand, the strategies have the opposite effect. 
 
Farmers are price-takers, which means that they are not influential enough to affect the 
price of products. In Figure 2.1. the same input prices are assumed, while in practice the 
proportion of input prices between farms varies. As a result, the slope of the isocost line 
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in question, a particular strategy can be better or worse for an individual farmer. For 
very inefficient farms, control strategies may not be the most important aspect to 
consider because they may not deliver sufficient efficiency improvements. For such 
farms, the input–output relation can be compared to more efficient farms, and technical 
and economic KPIs can be compared to find possible improvement paths that 
correspond to individual farm preferences. Overall, this framework makes it possible to 
evaluate the farm-specific importance of adopting control strategies. 
 
The previous paragraphs show that the use of the production function provides 
additional diagnostics for evaluating farm-specific economic effects of infection levels 
and control strategies. The main advantage lies in positioning farms against each other 
and the identification of farm-specific performance benchmarks and improvement 
paths. Positioning farms in an input–output framework allows for identification of farm-




The proposed framework presents a comprehensive manner for analysing the linkage 
between the level of helminth infection, input–output transformation and economic 
performance of a farm. In this section, we first discuss the epidemiological information 
requirements of the framework and then indicate the application possibilities of the 
framework for animal diseases besides helminth infections. Second, potential methods 
are presented that can be used for making the framework operational, and finally, some 
possible problems with using these methods are discussed.  
 
To perform farm-specific economic evaluations of helminth infections and control 
strategies, one must have access to specific epidemiological information. First, the level 
of helminth infection at the individual farm level must be determined. Second, the 
relationship between infection level and production parameters that influence the 
economic farm performances, such as milk production, weight gain, feed intake and 
replacement percentage, must be known when evaluating a control strategy. When 
studying the effect of a control strategy, the changed infection level is analysed. If this 
can be linked to the production parameters, the possible effect on the economic farm 
performances can be estimated. A rather large data set consisting of farm-specific 
infection levels with a link to production parameters is now available for 
gastrointestinal nematode and liver fluke infections in dairy cattle (Bennema et al., 
2009; 2010). 
 
In this paper, the focus is on helminth infections, but this framework can also be used for 
other infections. The influence of any type of infection can be analysed using this 
framework if (1) the infection level can be measured at farm level and (2) the linkage 





The established framework forms the basis for empirical research. Several methods can 
be used to make it operational, such as efficiency analysis, budgeting techniques and 
simulation modelling. Efficiency analysis methods allow for positioning farms in an 
input–output framework and identifying benchmarks for technical, cost allocative and 
cost efficiencies. Literature mainly distinguishes between two types of efficiency 
methods: nonparametric deterministic data envelopment analysis (DEA) and parametric 
stochastic frontier analysis (SFA). Both methods (see Coelli et al. (2005) for an 
introduction) are used extensively in management science. DEA involves linear 
programming (LP) to construct a nonparametric piece-wise frontier over the data, and 
then attributes all the deviation from the frontier to inefficiencies. SFA uses econometric 
methods to estimate the efficient frontier and specifies a two-part error term that 
accounts for both random errors and the degree of technical inefficiency. In contrast, 
DEA is deterministic, and has the advantage that it needs no a priori functional form of 
the frontier. However, it is not possible to draw statistical tests from the efficiency 
scores, and the method is sensitive to outliers. SFA does allow formal statistical testing 
of the hypothesis and can construct a confidence interval. SFA can be used to estimate 
production and cost frontiers, depending on the objective. While a production frontier 
describes the potential of what can be achieved technically, the cost frontier describes 
the potential of what can be achieved economically. Often a cost frontier is estimated to 
simultaneously predict both technical and allocative efficiencies. Nevertheless, the 
estimation of cost frontiers requires the availability of input-price data and the choice of 
a functional form for which the implied production function can be explicitly derived, 
such as the Cobb–Douglas form. 
 
Most of the studies that use efficiency analysis in animal health economics focus on 
technical efficiency. However, our framework illustrates that the allocation of inputs 
may be related to the infection level or control strategies used. Therefore, additional 
diagnostics may be obtained if cost allocative efficiency (i.e. combination of inputs use at 
minimum cost) is also taken into account. 
The main advantage of efficiency analysis is to identify performance benchmarks and 
improvement paths and to provide an indication of the farm performances. However, 
efficiency scores as such have limited information value for the individual farmer.  
Budgeting techniques that use traditional KPIs appear to be complementary methods in 
order to yield communicative results (Van Meensel et al., 2010b). Van Meensel et al. 
(2012) developed a decision support system using efficiency analysis to position pig 
farms against each other and KPIs to communicate with system users. In making our 
framework operational, efficiency analysis can be used to assess the effect of a certain 
control strategy on the positioning of a farm in the input–output framework. In addition, 
budgeting techniques can assess the effect of this strategy on technical and economic 
KPIs, which are commonly used in practice by farmers and advisors. 
 
The application of the framework may also benefit from bio-economic and/or stochastic 
modelling. A bio-economic model consists of descriptive mathematical relations of 
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primarily biological processes, such as on a livestock farm, with an economic analysis 
component added. Although advances in helminth research contribute to assessing the 
effects of control strategies on production parameters of farms, bio-economic models 
may be helpful in some cases to combine the synergetic and counteracting drivers, and 
to assess the overall effect in input use and output production (Schills et al., 2007). 
Furthermore, bio-economic models may improve the understanding of the relationship 
between the disease prevalence and its interaction with input(s) and output(s). 
Stochastic modelling may be useful in decision-making, especially when (un)certainty 
around improvement paths and risk management are important (Chi et al., 2002; 
Seegers et al., 2003).  
 
The proposed framework may face several stumbling blocks related to the availability 
and sensitivity of the data as well as the assumptions that have to be made related to 
efficiency measurements. Two types of information are necessary when implementing 
the framework; (1) disease prevalence data, and (2) technical and economic farm 
performance measurements. Frequently, the required data are only available at different 
institutions, which can hinder compilation of a data set with all the required 
information. Furthermore, insufficient accuracy of both measurements may obscure the 
possible effects of helminths on economic farm performances. 
 
Cost allocative efficiency can also offer additional diagnostics. However, cost allocative 
efficiency scores as such may conceal the underlying input–output relationships and 
may lead to erroneous analyses. Figure 2.2 illustrates that two farms with similar cost 
allocative efficiency scores may be positioned differently in the input–output 
framework. Therefore, analyses should start from the positioning itself and not from the 
cost allocative efficiency score. The positioning of the farms must then be linked with 
infection levels or control strategies. As we mentioned in section 4 above, the 
assumptions made to incorporate infection in the production model may influence 
results. Advances in helminth research may help to make the appropriate assumptions, 
as they may contribute to assessing the direction of causality between disease and 
input–output transformation and identifying whether or not farmers can influence the 
level of infection. Regression modelling is often used to link efficiency scores to the so-
called “environmental variables” (Coelli et al., 2005), which in our case refers to the 
infection level. However, in cases of dual causality between efficiency and infection, 
regression models may lead to erroneous conclusions (Orme and Smith, 1996; Ramalho 



































This paper shows that despite significant scientific advancements in both the control of 
helminth infections and economic performance measurement, the advances in both 
disciplines have seldom been combined. The paper presents a conceptual framework to 
integrate the knowledge of both disciplines. The framework allows for the farm-specific 
optimisation of both helminth infection status and economic performance by positioning 
farms against performance benchmarks and establishing a linkage between this 
positioning, levels of infection and effects of control strategies. This framework provides 
a starting point for empirical research on the effect of helminth infections and control 
strategies on the economic performances of livestock farms. Data from 50 dairy farms 
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The impact of gastrointestinal (GI) nematode infections in dairy farming is traditionally 
assessed using partial productivity indicators. But such approaches ignore the impact of 
infection on the performance of the whole farm. In this study, efficiency analysis is used 
to study the association of the GI nematode Ostertagia ostertagi on the technical 
efficiency of dairy farms. Five years of accountancy data are linked to GI nematode 
infection data gained from a longitudinal parasitic monitoring campaign. The level of 
exposure to GI nematodes is based on bulk-tank milk ELISA tests, which measure the 
antibodies to O. ostertagi and is expressed as an optical density ratio (ODR). Two 
unbalanced data panels are created for the period 2006 to 2010. The first data panel 
contains 198 observations from the Belgian Farm Accountancy Data Network (Brussels, 
Belgium) and the second contains 622 observations from the Boerenbond Flemish 
farmers’ union (Leuven, Belgium) accountancy system (Tiber Farm Accounting System). 
We use the stochastic frontier analysis (SFA) approach and define inefficiency effect 
models specified with the Cobb-Douglas and transcendental logarithmic (Translog) 
functional form. To assess the efficiency scores, milk production is considered as the 
main output variable. Six input variables are used: concentrates, roughage, pasture, 
number of dairy cows, animal health costs, and labour. The ODR of each individual farm 
serves as an explanatory variable of inefficiency. The results show that an increase in the 
level of exposure to GI nematodes is associated with a decrease in technical efficiency. 
Exposure to GI nematodes constrains the productivity of pasture, health, and labour but 
does not cause inefficiency in the use of concentrates, roughage, and dairy cows. 
Lowering the level of infection in the interquartile range (0.271 ODR) is associated with 
an average milk production increase of 27, 19, and 9 litre per cow per year for Farm 
Accountancy Data Network farms and 63, 49, and 23 litre per cow per year for Tiber 
Farm Accounting System farms in the low- (0–90), medium- (90–95), and high- (95–99) 
efficiency score groups, respectively. The potential milk increase associated with 
reducing the level of infection is higher for highly efficient farms (6.7% of the total 
possible milk increase when becoming fully technically efficient) than for less efficient 
farms (3.8% of the total possible milk increase when becoming fully technically 
efficient).   
 













Volatile milk prices and an upward trend in production costs put pressure on dairy 
farmers’ incomes (Thornton, 2010). Subtle changes in production efficiency can make 
the difference between profit and loss. Efficient dairy farming with an optimal  
management of inputs such as stock, feed, and labour has, therefore, become 
increasingly important (Kelly et al., 2013). Optimal management also requires taking 
care of animal health conditions, as these conditions may affect the economic 
performance of farms. This paper uses efficiency analysis to study the impact of 
gastrointestinal (GI) nematode infections on the technical efficiency of dairy farms.  
 
Ostertagia ostertagi and Cooperia oncophora are considered to be the most important GI 
nematode species in dairy cattle in temperate climate regions (Charlier et al., 2011; 
Sargison, 2011). Although GI nematode infections generally stay at a subclinical level, 
they can be responsible for decreased feed intake and reduced milk production and 
fertility (Forbes et al., 2004; Charlier et al., 2009a; Delafosse, 2013). Research 
addressing the impact of GI nematode infections and related prevention strategies 
traditionally focuses on the effect on particular technical key performance indicators, 
such as daily weight gain and average milk yield per cow. Knowing the effects on these 
key performance indicators is useful (Charlier et al., (2012a; 2012b)) because they are 
often correlated with the aggregate economic performance of dairy farms 
(Bandyopadhyay et al., 2010). But an important drawback of this approach is that the 
key performance indicators are mostly partial measures of productivity. They do not 
represent the overall input-output transformation on dairy farms and, thus, the effect on 
the overall performance of the farm remains unclear (Van Meensel et al., 2010b).  
 
Efficiency analysis can be used to analyse the impact of animal diseases on the 
performance of the whole farm (van der Voort et al., 2013). The approach is based on 
production theory, which studies the transformation of input(s) into output(s). 
Efficiency analysis bundles partial productivities into an aggregate performance 
measure. The advantage of efficiency analysis is the identification of performance 
benchmarks, which allow calculation of the farm-specific performance levels and 
optimization paths. Despite its frequent use in management science, efficiency analysis 
has not often been applied in animal health sciences. Methods for efficiency analysis 
evolve quickly. Today, numerous deterministic and stochastic approaches are available 
(Cook and Seiford, 2009; Darku et al., 2013; Liu et al., 2013). The growing interest in 
incorporating noneconomic factors in productive efficiency models has resulted in some 
studies that introduce animal health factors into efficiency analysis (e.g., Lawson et al., 
2004a; Van Meensel et al., 2010a; Barnes et al., 2011).  
 
The objective of this study is to analyse the relationship between GI nematode infection 
in dairy cattle and the technical efficiency level of dairy farms. We investigate to what 




output(s) on dairy farms. We apply 2 functional forms of the production function, 
representing the input-output transformation, to study which model is best to frame the 
relationship between infection and efficiency. 
 




To study the effect of animal health parameters on farm economics, it is essential to 
merge two (usually independently monitored) data sources. In our case we use farm 
accounting data and animal health parameters. Here, the animal health parameter of 
interest is infection with the abomasal dwelling nematode Ostertagia ostertagi. The 
source of infection data is a yearly parasitic monitoring campaign, with sampling 
performed from 2006 to 2010 (Bennema et al., 2009). In that campaign, the cows’ 
exposure to GI nematodes is monitored using the antibody detection O. ostertagi ELISA 
(SVANOVIR® O. ostertagi-Ab, Boehringer Ingelheim Svanova, Uppsala, Sweden) applied 
to bulk-tank milk as described by Charlier et al. (2009a). The test results of antibody 
detection serve to measure the antibodies to O. ostertagi and use optical density ratio 
(ODR) as a unit of measure. This provides an indication of the level of exposure of a herd 
to GI nematodes (Charlier et al., 2009c).  
 
Farm accountancy data used in this study are collected from two networks: Belgian 
Farm Accountancy Data Network (FADN) data and the Tiber Farm Accounting System 
(TFAS) of Boerenbond, a Flemish farmers’ union. FADN data are based on a stratified 
sample and are representative for Flanders (De Becker, 2007), while the TFAS sample is 
based on voluntary participation in the farm-economic accounting system of 
Boerenbond. When farms from FADN or TFAS are also present in the infection data set, 
they are included in our study. As FADN and TFAS do not apply the same accounting 
principles, data from these two sources cannot be included in one sample. Therefore, we 
construct two data samples that link FADN and TFAS data to the parasitic information. 
The final datasets are constructed using several inclusion criteria. First, individual farm 
data from at least two consecutive years have to be present to construct a panel data set. 
Second, farms with input variables equal to 0 are excluded. Third, one FADN farm in the 
year 2009 is considered as an outlier. It is deleted from the data set because in the year 
2009 this farm doubled in size and nearly trebled its input use. This could also be 
empirically observed: compared to the other farms in the sample, this farm has a 
deviated input/output use. 
 
The final datasets consists of technical, economic and parasitic farm data of 50 FADN 
and 152 TFAS dairy farms. As data are not available for each farm for each year during 
the period 2006-2010, we construct unbalanced data panels consisting out of 198 FADN 
and 622 TFAS observations.   
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3.2.2 Efficiency analysis 
 
Efficiency analysis is based on production theory. It compares the current performance 
level of a farm with the potential optimal performance level by determining a 
production frontier (Farrell, 1957). The production frontier represents the fully 
technically efficient transformation of input(s), like feed or labour, into output(s), like 
milk or meat, in the dairy farm industry at a particular point in time. Farms situated on 
(or close to) this frontier achieve the best technical performance level possible in the 
dairy farm and are called technically efficient. Farms situated beneath the production 
frontier are technically inefficient, but can change their efficiency by moving closer to 
the frontier by improving their input-output transformation. Producing the maximal 
amount of output(s) with a given amount of input(s) is called output-oriented technical 
efficiency, while the ability to use a minimal amount of input(s) to obtain a given amount 
of output(s) is called input-oriented technical efficiency. The efficiency score is a 
measure between 0 and 1, where 0 indicates total inefficiency and 1 total efficiency.  
 
The technical efficiency score is calculated for each individual farm by (1) determining 
the frontier and (2) measuring the distance between each farm and the efficiency 
frontier. To assess the frontier and calculate efficiency scores for a given set of data, 
literature distinguishes between two conventional approaches: the non-parametric Data 
Envelopment Analysis (DEA) and the parametric Stochastic Frontier Analysis (SFA) 
(Kumbhakar and Lovell, 2000; Coelli et al., 2005). DEA involves linear programming 
(LP) to construct a nonparametric piece-wise frontier enveloping the data and calculates 
its efficiency scores relative to this frontier. Disadvantages of DEA are its sensitivity to 
outliers and the ignorance of stochastic noise. SFA uses econometrics to estimate the 
efficiency frontier. The main advantage of SFA is that it takes both inefficiency and 
statistical noise into account. However, SFA requires an a priori specification of the 
functional form of the production function by the researcher.  
 
The differences in technical inefficiency between farms can be explained by 
incorporating explanatory variables, such as animal disease data and management 
information, into the efficiency model. The literature describes two methods to explain 
inefficiency: the two-step approach and the inefficiency effect model. In the two-step 
approach, efficiency scores are assessed first using either DEA or SFA. Subsequently, the 
scores are regressed on explanatory variable(s) using a linear regression or a censored 
(Tobit) model (Barnes et al., 2011; Kelly et al., 2012). The two-step approach, however, 
suffers from some shortcomings (Simar and Wilson, 2007; Schmidt, 2011). First, the 
results from the method become biased when the inputs from the efficiency analysis are 
correlated with second stage explanatory variables. Second, the effect of the explanatory 
variable on efficiency will be underestimated. The one-step approach applied with SFA, 
the so-called “inefficiency effect” model, overcomes these problems (Kumbhakar et al., 
1991; Battese and Coelli, 1995; Wang and Schmidt, 2002). The inefficiency effect model 




explanatory variables on the efficiency scores. This inefficiency effect model is 
considered to be more appropriate to determine the relation between production 
efficiency and explanatory variables such as GI nematode infection (Kumbhakar et al., 
1991).  
 
3.2.3 Efficiency models 
 
The general production model of SFA is defined by  
 
 
𝑌𝑖𝑡 =  exp (𝑥𝑖𝑡𝛽 + 𝑉𝑖𝑡 − 𝑈𝑖𝑡)                                             (3.1) 
 
 
Where subscript i denotes the 50 (FADN) and 152 (TFAS) farm and t indicates time in 
years from 2006 until 2010; 𝑌𝑖𝑡 is the output level of farms; and 𝑥𝑖𝑡 represents a vector 
of inputs. 𝛽 represents an unknown parameter to be estimated. 𝑉𝑖𝑡 represents random 
noise and is assumed to be independent and identically distributed (i.i.d.) with a normal 
distribution with mean zero and unknown variance (𝜎2). 𝑈𝑖𝑡 represents the technical 
inefficiency scores.  
 
To assess efficiency scores, milk production in litres of fat- and protein-corrected milk 
(ECM) is considered as the output variable (dependent variable). We consider only 1 
output because from a production-economic viewpoint, the objective of specialised 
dairy farms is to produce milk. Moreover, for the farms in our data set, 86% of farm 
income comes from milk sales. The remaining returns are from changes in animal value 
(12%) and other returns (i.e. premiums and cow sales; 2%). Our model includes 6 input 
variables (independent variables): concentrate and roughage, both define as kilograms 
of feed consumed; pasture, define as hectares of grazed grassland; dairy cows, define by 
the number of lactating dairy cows present on the farm; dairy health, define as the cost 
for veterinary services and medicines; and labour, define as labour (in hours) performed 
by family and hired labour. These inputs are selected based on explorative research 
done by (1) performing econometric analyses that indicate which inputs are 
significantly correlated with the amount of milk produced, (2) considering variables 
related to GI nematode infections, and (3) considering variables that a farmer can adapt 
for short-term control of the infection. Descriptive statistics of the output and input 
variables are presented in Table 3.1 for the 2 datasets. When analysing the results of our 
study, note that FADN and TFAS both have different definitions of the input variables 
roughage and pasture. These definitions lie behind each system’s calculations. In the 
TFAS accountancy system, data are not available for kilograms of roughage  
consumption; only the total costs for producing each feed product are considered. To 
address this, we calculate the kilograms of roughage by using the average price per 
kilogram of maize and other roughage products from the FADN population. For farms 
using the FADN accountancy system, the variable pasture include the amount of 
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hectares used for grazing. For TFAS farms, this variable also include hectares of pasture 
used for roughage cultivation. 
 
Table 3.1 Descriptive statistics of farm production variables for Farm Accountancy Data 
Network (FADN, Brussels, Belgium) and Tiber Farm Accounting System (TFAS; 
Boerenbond, Leuven, Belgium) populations in the stochastic frontier production 
function expressed per year 
 








     
ECM (l)1 Y 304,927 144,010 68,189 658,215 
Concentrate per cow (kg) x1 1,886 1,329 179 6,933 
Roughage per cow (kg) x2 7,978 2,567 1,260 16,487 
Pasture per cow (ha) x3 0.129 0.064 0.017 0.319 
Number of dairy cows per herd x4 44.40 16.58 18.38 84.14 
Animal health cost per cow (€) x5 53.71 30.80 5.61 167 
Labour per cow (h) x6 55.14 30.94 7.08 219 
GI nematode infection (ODR)2 z1 0.848 0.181 -0.159 1.326 
TFAS population 
     
ECM (l)1 Y 484,770 267,885 84,109 680,739 
Concentrate per cow (kg) x1 1,277 396 357 2,504 
Roughage per cow (kg) x2 4,195 1,371 979 10,082 
Pasture per cow (ha) x3 0.158 0.055 0.020 0.347 
Number of dairy cows per herd x4 62.31 31.55 21.42 91.58 
Animal health cost per cow (€) x5 49.10 22.49 6.98 139 
Labour per cow (h) x6 53.28 23.06 11.72 164 
GI nematode infection (ODR)2 z1 0.737 0.223 0.034 1.326 
1 ECM = energy corrected milk 
2 GI = gastrointestinal ODR = optical density ratio 
 
To determine the relationship between the efficiency level of farms and the GI nematode 
infection, we consider 2 inefficiency effect models (i.e. the neutral stochastic frontier 
model and the non-neutral stochastic frontier model). These models differ in the 
specification of technical inefficiency scores, represented by 𝑈𝑖𝑡 in the general 
production model. The neutral stochastic frontier model assumes that the inefficiency 
effects due to the explanatory variable are independent of the input variables. The non-
neutral stochastic frontier model is an extension of the neutral stochastic frontier model 
by including the interaction between the level of exposure to GI nematodes and the 
input variables. This model assumes that the impact of GI nematode infections can either 
limit or encourage the transformation of certain inputs into the output “milk.” In the 




the input variables and the explanatory variable (GI nematode exposure) believed to 
influence the technical inefficiency. This model is defined by 
 
 
𝑈𝑖𝑡 =  𝛿0 + 𝛿1𝑧𝑖𝑡 + 𝑊𝑖𝑡                                                                                                                      (3.2) 
 
 
Where 𝑧𝑖𝑡  is the level of exposure to GI nematodes associated with the technical 
inefficiency effects; δ is the unknown parameters to be estimated; and 𝑊𝑖𝑡 is 
unobservable random variables. The technical inefficiency effects are assumed to be 
independent non-negative truncations of normal distributions with unknown variance 
and means. The mean may be different for different farms and time periods, but the 
variances are assumed to be the same. 
 
In the non-neutral stochastic frontier model, the cross products of GI nematodes and the 
input variables are included in the inefficiency function. This model is defined by 
 
 
𝑈𝑖𝑡 =  𝛿0 + 𝛿1𝑧𝑖𝑡 + 𝛿
∗𝑧𝑖𝑡




∗  is a vector of interactions between the variables in 𝑧𝑖𝑡  and 𝑥𝑖𝑡; all other terms 
are as defined above.  
 
To calculate the marginal effect of the inefficiency on the output variable the technical 
efficiency scores are partially differentiated with respect to each of the inefficiency effect 
variables as described by Wilson et al. (2001).  
 
3.2.4 Functional forms  
 
To calculate the stochastic production model for the 2 inefficiency effect models 
represented by equations 2 and 3, a functional form for the production function must be 
selected. The functional forms most commonly used in research on production efficiency 
of dairy farming are Cobb-Douglas (CD) and transcendental logarithmic [Translog (TL)]; 
Moreira López and Bravo-Ureta, 2009; Hoang and Nguyen, 2013]. The TL functional 
form is more flexible and makes fewer assumptions about the form of the production 
function. One might expect a better model using TL. But the TL model seems less 
appropriate for small datasets because more parameters have to be estimated, which 
requires more observation to get reliable estimates. In our study, both functional forms 
are used to study how the result may be affected by the model chosen and to identify the 
model that can best frame the relationship between GI nematode infections and 
efficiency (Battese and Broca, 1997). The CD production function is specified as 
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𝐿𝑛𝑌𝑖 =  𝛽0 + ∑ 𝛽𝑗𝐿𝑛𝑋𝑗𝑖𝑡
6 
𝑗=𝑖
+ 𝑉𝑖𝑡 − 𝑈𝑖𝑡,                                                                                           (3.4) 
 
 
where Y is the total milk production (in litres), 𝑋1−6 are the 6 input variables defined 
above, 𝑉𝑖𝑡 is random noise, and 𝑈𝑖𝑡 is the inefficiency term (see also equations 2 and 3). 
 
The TL functional form differs from the CD functional form in that second-order 
coefficients and interactions among the input variables are included. The TL functional 
form is defined as 
 
 







+ 𝑉𝑖𝑡 − 𝑈𝑖𝑡,                                         (3.5) 
 
 
A likelihood ratio test is performed to compare the CD with the TL model. Four models 
are estimated for both the FADN and TFAS datasets: a neutral as well as a non-neutral 
production model for the CD and TL functional form. All models are estimated using 




3.3.1 Technical efficiency scores 
 
The technical efficiency scores obtained using the CD and TL production function 
indicate the inefficiency of the dairy farms. The mean technical efficiency is 0.81 for 
FADN and 0.88 for TFAS farms. Using the current input quantities, the FADN and TFAS 
farms can increase their milk production level, on average, by 1,100 and 800 litre per 
cow per year, respectively. These increases will bring these farms up to the level of their 
peers near the efficiency frontier. 
 
Technical efficiency ranges from 0.24 (inefficient) to 0.98 (efficient; Figure 3.1). The 
results show that more than 61% of FADN farms and 42% of TFAS farms are below the 
efficiency score of 90. Calculations show that the average milk loss due to inefficiency by 
FADN farms in low- (0–90), medium- (90–95), and high- (95–99) efficiency score groups 
are approximately 1,596, 811, and 498 litre per cow per year, respectively. The TFAS 
average milk production losses are 1389, 690, and 376 litre per cow per year, in the low-







Figure 3.1 Distribution of technical efficiency of Farm Accountancy Data Network 
(FADN, Brussels, Belgium) and Tiber Farm Accounting System (TFAS; Boerenbond, 
Leuven, Belgium) farms 
 
3.3.2 Production model  
 
The maximum likelihood estimates for the estimated CD and TL neutral production 
models for both accountancy data samples are presented in Table 3.2. The first-order 
coefficients β1 to β6 are the estimated mean output elasticity’s. These elasticity’s 
represent the relative percentage change in the neutral mean output due to a relative 
percentage change in a particular input under the assumption that the other inputs are 
held constant. 
 
The results of FADN show that the estimated mean output elasticity’s 𝛽1 and 𝛽4 of the CD 
model are positive and significantly different from zero (P < 0.01). The coefficients 𝛽3 
and 𝛽6 are negative but non-significant. For the TFAS, all estimated coefficients of the CD 
model 𝛽1 to 𝛽6 are different from zero (P < 0.05). The input variables in the TFAS sample 
have a positive relationship with milk production, with the exception of labour. The 
estimated coefficient, 0.214 for 𝛽1 of the CD model (see TFAS sample Table 3.2), is the 
estimated percentage increase in milk production due to a 1% increase in the amount of 
concentrate intake. This implies that when 10% additional concentrate is given, the 
marginal farm milk output will increase, on average, by 10,374 litre of milk (484,770 
litre of milk × 0.214 × 0.10). 
 
The sum of the first-order coefficients, referred to as the scale elasticity, indicates 
whether the production model exhibits increasing, decreasing, or constant returns to 





























Table 3.2 The maximum likelihood estimates for the parameters in the neutral stochastic frontier model in terms of the Cobb-Douglas 
and transcendental logarithmic (Translog) functional form for both the Farm Accountancy Data Network (FADN, Brussels, Belgium) and  
Tiber Farm Accounting System (TFAS; Boerenbond, Leuven, Belgium) samples 
 
  FADN  TFAS 
  Cobb-Douglas  Translog  Cobb-Douglas  Translog 
Variables Parameter Coefficient1 SEM2  Coefficient1 SEM2  Coefficient1 SEM2  Coefficient1 SEM3 
Constant 𝛽0 7.436** 0.549  -29.96** 2.294  7.160** 0.205  -62.20** 9.900 
Concentrate (kg) 𝛽1 0.108** 0.020  1.676** 0.429  0.214** 0.016  0.62700 0.387 
Roughage (kg) 𝛽2 0.067†0 0.037  2.463*0 1.069  0.044** 0.015  0.896†0 0.528 
Pasture (ha) 𝛽3 -0.01400 0.024  0.17500 0.208  0.029*0 0.015  0.17900 0.111 
Cows (no./herd) 𝛽4 0.870** 0.053  -38.69** 4.143  0.692** 0.028  -1.81000 1.730 
Animal health cost (€) 𝛽5 0.01800 0.024  15.17†0 7.761  0.050** 0.011  13.10** 2.090 
Labour (h) 𝛽6 -0.02100 0.042  8.27500 6.163  -0.051** 0.017  8.670†0 4.920 
(Concentrate) 𝛽11    -0.069** 0.019     -0.01800 0.017 
(Roughage) 𝛽22    -0.100*0 0.044     -0.039†0 0.023 
(Pasture) 𝛽33    0.064†0 0.034     -0.042*0 0.020 
(Cows) 𝛽44    4.693** 1.440     2.070*0 0.805 
(Health) 𝛽55    0.54100 0.543     -0.783*0 0.375 
(Labour) 𝛽66    -0.74900 1.118     0.15200 0.772 
Concentrate × Roughage 𝛽12    0.01500 0.014     0.01000 0.007 
Concentrate × Pasture 𝛽13    -0.00300 0.011     0.00500 0.005 
Concentrate × Cows 𝛽14    -0.27600 0.279     0.189** 0.069 
Concentrate × Health 𝛽15    -0.01700 0.196     -0.272** 0.099 
Concentrate × Labour 𝛽16    -0.18900 0.265     -0.282*0 0.121 
Roughage × Pasture 𝛽23    -0.006*0 0.002     0.00000 0.002 





 Roughage × Health 𝛽25    -0.063** 0.022     -0.045** 0.017 
Roughage × Labour 𝛽26    0.05700 0.080     0.149** 0.049 
Pasture × Cows 𝛽34    -0.376*0 0.183     0.211*0 0.095 
Pasture × Health 𝛽35    0.208†0 0.115     -0.06700 0.072 
Pasture × Labour 𝛽36    0.01800 0.068     -0.02100 0.046 
Cows × Health 𝛽45    -1.841†0 1.067     -0.11400 0.775 
Cows × Labour 𝛽46    7.296** 1.571     -1.370†0 0.805 
Health × Labour 𝛽56    -4.009** 1.343     -1.420*0 0.634 
Inefficiency model             
Constant 𝛿0 -8.791†0 4.770  -7.788*0 3.118  -5.110** 1.410  -5.060** 0.437 
GI nematode infection 
(ODR)3 
𝛿1 4.368*0 2.106  4.178** 1.558  3.660** 0.941  3.340** 0.124 
Error variance 𝜎𝜀 1.340†0 0.691  1.061** 0.400  0.372** 0.092  0.364** 0.060 
Variance4 𝛾 0.994** 0.004  0.996** 0.003  0.990** 0.003  0.990** 0.003 
Log-likelihood value  21.71000   46.770 0   37000000   41200000  
1Negative signs of coefficients represent reduction in inefficiency (or increase in efficiency). 
2 SEM = Standard Error of the Mean 
3 GI = gastrointestinal; ODR = optical density ratio. 
4 Gamma is the variance parameters associated with inefficiency. It is zero if no inefficiency exists in the traditional error term. 
†P < 0.10; *P < 0.05; **P < 0.01. 
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increases output. The sum of the 6 first-order coefficients (𝛽1 to 𝛽6) under both the CD 
and TL models is 1.00 for the FADN population and 1.01 for the TFAS population. These 
scale elasticity’s reveal the presence of constant returns to scale. This suggests that, for 
the studied dairy farms, an increase in all inputs by a certain factor will result in an 
increase in output by the same factor. The variance parameter 𝛾 is 0.99 in all 4 models 
and indicate that the vast majority (about 99%) of the error variation in the production 
function is due to the inefficiency error 𝑢𝑖  and only 1% is due to the stochastic random 
error 𝑣𝑖 . When the variance parameter is 0, then no inefficiency is associated with the 
sampled dairy farm. 
 
The likelihood ratio test for comparing the 2 functional forms rejected the null  
hypothesis of CD in favour of the TL model at the 5% significance level. Hence, the TL 
functional form is more appropriate than the CD functional form for both the FADN and 
TFAS samples. 
 
3.3.3 Impact of GI nematode exposure on efficiency 
 
The null hypothesis, which assumes that inefficiencies are not related to GI nematode 
exposure (i.e. the parameter γ and the inefficiency model parameters are jointly equal to 
zero), is rejected (P < 0.05) for all estimated models. The estimated coefficients of the 
inefficiency effect model shows a significant (P < 0.05) relationship between inefficiency 
and infection under the FADN and TFAS samples for both the CD and TL production 
functions. The coefficient indicates a positive effect of GI nematode exposure on the 
inefficiency levels. Plotting the average technical efficiency scores and ODR over time 
(Figure 3.2) suggests that technical efficiency increases when the exposure to GI 




Figure 3.2 The mean technical efficiency (TE) and exposure to gastrointestinal (GI) 
nematodes (optical density ratio, ODR) from 2006 to 2010. FADN = Farm Accountancy 





The likelihood ratio test favours the TL functional form. We, therefore, chose the TL 
model results to further explain the impact of GI nematode infections on the technical 
inefficiency. The calculated average marginal effect of exposure to GI nematodes indicate 
that an increase in exposure by 1 ODR is associated with a decrease of the technical 
efficiency by 0.01 (1%) and 0.02 (2%) for FADN and TFAS, respectively. 
 
The estimates of the non-neutral inefficiency effect model (Table 3.3) illustrate how O. 
ostertagi infection is associated with the input variables. Although the likelihood ratio 
test is in favour of the neutral model, the estimates of the non-neutral model are also 
presented to complement the interpretation of the neutral model results. This provides 
a better understanding of how GI nematode infections are associated with the 
transformation of the input variables. The negative coefficients of the cross products in 
the TFAS sample (i.e. ODR × concentrate, ODR × roughage, and ODR × dairy cows) 
indicate that exposure to GI nematodes did not induce inefficiency in the use of 
concentrates, roughage, and dairy cows. The positive coefficients of the cross products 
ODR × pasture, ODR × health, and ODR × labour indicate that the exposure to GI 
nematodes constrain the productivity of pasture, health costs, and labour. Although the 
FADN sample shows no significant effect of O. ostertagi on the technical inefficiency in 





Although efficiency analysis has the potential to provide an overall image of productive 
efficiency, the results need to be interpreted with respect to methodological points of 
departure. The results may depend on the following: representativeness and accounting 
rules of the data set, number of inputs considered, functional forms of the frontier and 
the specification of the inefficiency effect model. 
 
First, our study shows that a lower level of O. ostertagi infection is associated with the 
technical efficiency of dairy farms. The magnitude of the coefficients in the inefficiency 
effects model is relatively similar for both samples. In this study, we also compare the 
CD and TL production functions to investigate whether the functional form affect the 
results. This did not appear to be the case, because the CD and TL functional form yield 
similar coefficients in the production model. The TL functional form gives a better 
representation of the data according to the likelihood ratio test. However, our results 
indicate that the CD production function may also be an appropriate model for 
estimating the relationship between GI nematode infections and efficiency. This is 
interesting because the CD model is relatively easier to interpret and, in future research, 
it could be used to obtain the cost function from a production function. This allows the 
researcher to go back and forth between the cost frontier and the production frontier 
(Kumbhakar et al., 1991). 
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Table 3.3 The maximum likelihood estimates for the parameters in the non-neutral 
stochastic frontier model in terms of the transcendental logarithmic (Translog) 
functional form for the Farm Accountancy Data Network (FADN, Brussels, Belgium) and 
Tiber Farm Accounting System (TFAS; Boerenbond, Leuven, Belgium) samples 
 
  FADN  TFAS 
Variables Parameter Coefficient1 SEM2  Coefficient1 SEM2 
Constant  𝛽0 -31.06** 1.489  -64.30** 2.910 
Concentrate (kg) 𝛽1 1.511** 0.453  0.57300 0.399 
Roughage (kg) 𝛽2 1.736*0 0.778  0.82700 0.523 
Pasture (ha) 𝛽3 0.08000 0.196  0.227*0 0.093 
Cows (no./herd) 𝛽4 -44.87** 1.002  -2.620*0 1.280 
Animal health cost (€) 𝛽5 22.83** 4.760  8.050** 1.430 
Labour (h) 𝛽6 5.46900 4.037  15.10** 1.940 
(Concentrate) 𝛽11 -0.063** 0.020  -0.01600 0.017 
(Roughage) 𝛽22 -0.070*0 0.033  -0.03700 0.023 
(Pasture) 𝛽33 0.057†0 0.034  -0.037*0 0.018 
(Cows) 𝛽44 6.408** 1.505  1.530†0 0.812 
(Health) 𝛽55 0.29900 0.500  -0.635†0 0.344 
(Labour) 𝛽66 -0.04600 0.756  -1.230** 0.385 
Concentrate × Roughage 𝛽12 0.01200 0.014  0.00900 0.007 
Concentrate × Pasture 𝛽13 -0.00900 0.012  0.00000 0.005 
Concentrate × Cows 𝛽14 -0.22100 0.253  0.139†0 0.072 
Concentrate × Health 𝛽15 -0.20400 0.202  -0.181†0 0.109 
Concentrate × Labour 𝛽16 -0.27200 0.311  -0.231†0 0.127 
Roughage × Pasture 𝛽23 -0.00200 0.003  0.00000 0.001 
Roughage × Cows 𝛽24 0.237*0 0.094  0.106†0 0.066 
Roughage × Health 𝛽25 -0.086** 0.020  -0.040*0 0.017 
Roughage × Labour 𝛽26 0.10000 0.073  0.138** 0.045 
Pasture × Cows 𝛽34 -0.386†0 0.210  0.14000 0.096 
Pasture × Health 𝛽35 0.226*0 0.109  -0.107** 0.068 
Pasture × Labour 𝛽36 -0.01300 0.065  0.057†0 0.032 
Cows × Health 𝛽45 -2.425** 0.780  -0.13600 0.716 
Cows × Labour 𝛽46 7.970** 1.580  -0.60800 0.744 
Health × Labour 𝛽56 -5.064** 1.010  -0.52100 0.575 
Inefficiency model       
 Constant 𝛿0 -2.820** 1.074  -4.490** 0.480 
 GI nematode infection (ODR)3  𝛿1 2.53300 2.035  5.180** 1.440 
 ODR × Concentrate 𝛿2 -0.924*0 0.375  -1.140** 0.108 
 ODR × Roughage 𝛿3 0.02800 0.120  -0.754** 0.091 
 ODR × Pasture 𝛿4 1.579** 0.469  1.330** 0.096 
 ODR × Cows 𝛿5 0.713†0 0.400  -0.496** 0.151 
 ODR × Health 𝛿6 1.282** 0.442  0.966** 0.116 
 ODR × Labour 𝛿7 -0.917*0 0.398  1.250** 0.151 
 Error variance 𝜎𝜀  0.397** 0.117  0.324** 0.043 
 Variance4 𝛾 0.983** 0.007  0.988** 0.003 
 Log-likelihood value  58.65   427  
1Negative signs of coefficients represent reduction in inefficiency (or increase in efficiency); 2 SEM = 
Standard Error of the Mean; 3 GI = gastrointestinal; ODR = optical density ratio; 4 Gamma is the variance 
parameters associated with inefficiency. It is zero if no inefficiency exists in the traditional error term. 




In our study, we use 1 output variable (milk production), the main output on specialised 
dairy farms. We incorporate 6 input variables, based on their effect on milk production, 
their relationship with GI nematode infections reported in the literature, and the 
farmer’s ability to adapt these variables to control infections. One could argue that we do 
not fully describe the production model because certain variables may not be included. 
However, the excluded variables only affect the estimated coefficients of the production 
model if they are correlated with included variables. Furthermore, the more variables 
that are distinguished, the more data are required to obtain a statistically significant 
production model (Andor and Hesse, 2013). Finally, Fried et al. (1993) point out that if 
all inputs and outputs are included in the analysis, no matter or energy can be created or 
destroyed, resulting in unitary productivity scores for all units. Also, other studies (e.g., 
Coelli et al., 2007; Van Meensel et al., 2010b) selected variables to be included in the 
production model based on a preliminary econometric analysis. 
 
In a previous study of Charlier et al. (2005b), an increase in ODR from 25th to the 75th 
percentile (interquartile range = 0.271) is associated with a reduction in milk 
production of 0.9 kg/cow per day. For FADN farms, a decrease of O. ostertagi by 0.271 
ODR results in a technical efficiency increase of 0.003 and correspond to an average milk 
production increase of 27 (0.46%), 19 (0.25%), and 9 (0.10%) litre per cow per year in 
the low- (0–90), medium- (90–95), and high- (95–99) efficiency score groups, 
respectively. For TFAS farms, decreasing GI nematode exposure by 0.271 ODR results in 
a technical efficiency increase of 0.006 and correspond to an increase in average milk 
production of 63 (0.95%), 49 (0.61%), and 23 (0.26%) litre per cow per year in the low- 
(0–90), medium- (90–95), and high- (95–99) efficiency score group, respectively. Our 
estimated relationship between GI nematode exposure and milk production differs from 
the results of previous studies (Sanchez and Dohoo, 2002; Charlier et al., 2005a). 
Previous studies performed a linear regression between GI nematode exposure (ODR) 
and daily milk production, while controlling for several potential confounding variables. 
Also, in recent clinical trials, the average estimated effect of anthelmintic treatment 
against GI nematodes under European conditions is estimated at approximately 1 
kilogram per cow per day (Charlier et al., 2009a). The differences from our study may be 
explained by the inclusion of both direct and indirect effects of GI nematode infections 
on milk production in previous studies. The direct effect reflects the lower productivity 
of inputs, whereas the indirect effect accounts for reduced milk production caused by a 
lower input use, such as reduced feed intake. Reduced feed intake is considered to be an 
important mechanism of lowered performance in GI nematode-infected farms (Fox et al., 
1989; Forbes et al., 2004). The advantage of using efficiency analysis is that direct and 
indirect effects can be distinguished. Our estimated direct effect is a milk loss of 0.13 
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The results show that farms in the low-efficiency score group (technical efficiency score 
between 0 and 90) can increase their milk production by an average of 1,600 litre per 
cow per year if they will become fully efficient. For these inefficient farms, a decrease in 
infection over the interquartile range results in an average increase of milk production 
of 63 litre per cow per year. This represents 3.8% of the potential increase in production 
through efficiency improvement. For farms in the high efficiency score group (technical 
efficiency between 95 and 99) the contribution to the total possible milk increase 
needed to become fully efficient (i.e. 338 litre per cow per year) is 6.7%. The absolute 
direct effect of GI nematodes on milk production becomes smaller with increasing 
technical efficiency. But for the highly efficient farms that strive to increase their 
efficiency even more, GI nematode infection has a relatively greater effect than for 
inefficient farms. 
 
This study assumes that infection affects the productivity of dairy farms. However, it 
should be noted that our analysis approach does not assess the direction of the causality. 
For goats, it has been reported that highly productive animals (potentially associated 
with higher efficiency) are more susceptible to infection (Chartier and Hoste, 1997). On 
the other hand, the non-neutral model in the current study indicate that the negative 
relationship between GI nematode infection and inefficiency is weakened when 
concentrate and roughage increases. It is generally accepted that improved nutrition 
results in lower susceptibility to GI nematode infection (Forbes et al., 2009; Hoste and 
Torres-Acosta, 2011; Houdijk et al., 2012). 
 
This study opens several avenues for future research. The method used here to study 
the effect of GI nematode infections on the technical efficiency of dairy farms can also be 
used to study other infectious and production diseases. A few efficiency studies have 
focused on metabolic and reproductive disorders (Lawson et al., 2004a; Lawson et al., 
2004b). Because the importance of several diseases cannot be compared between 
efficiency studies, it will be very useful to analyse multiple animal diseases in 1 model 
(Lawson et al., 2004a). Further, the use of efficiency analysis yields efficiency scores that 
have limited information value for farmers and farm advisors. To yield more 
communicative results, budgeting techniques can be used in combination with efficiency 
analysis (Van Meensel et al., 2010b; Van Meensel et al., 2012). At last, the role of 
management actions stays unknown in the current study. Some studies use efficiency 
analyses to study the effect of disease control strategies (Van Meensel et al., 2010a, 
Barnes et al., 2011; Hansson et al., 2011). Therefore, further research should explore the 
effect of management decisions on infection and efficiency for different types of farms to 
provide a more holistic decision support regarding GI nematode infections than current 







3.5 Conclusion  
 
This is the first study that shows the relation between GI nematode infections and the 
technical efficiency of dairy farms. Efficiency analysis is able to associate the subclinical 
impact of GI nematode infections to the technical efficiency of dairy farms. The study 
shows that exposure to GI nematodes has a negative effect on the technical efficiency of 
dairy farms. Dairy farms with a high technical efficiency score have a relatively higher 
milk production benefit from lowering the level of GI nematode infection than their 
inefficient counterparts. The inefficiency caused by infection is rather small, but could be 
the last bit for high efficient farms to become fully technical efficient. Our model 
suggests that the incidence of GI nematode infections do not induce inefficiency in the 
use of concentrates, roughage and dairy cows, but do have a negative effect on the 
transformation of pasture, health and labour into milk production. Future research can 
explore the effect of management decisions on infection and efficiency and can study 
which management strategies best increase technical and economic efficiency on 
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Technical efficiency analysis, which is used more and more for assessing links between 
animal diseases and whole-farm performances, ignores the link with input allocation. 
This study introduces allocative efficiency (AE) measures in economic-epidemiological 
analysis, using gastrointestinal (GI) nematode infection with Ostertagia ostertagi on 
dairy farms as a case. We apply Data Envelopment Analysis with the input distance 
function approach on a sample of 152 dairy farms in Flanders, that has both accountancy 
and parasitic monitoring data. The input variables that are used are concentrates, 
roughage, pasture, number of dairy cows and other variable costs, while the output 
variable consists of total milk production. Traditional AE measures are not suitable for 
identifying the allocation of inputs that are used, as farms situated at opposite sides of 
the optimal AE axis may have similar AE scores. Therefore, an input allocation index 
(IAI) is developed based on an isocost line with fictive input prices, chosen in such a way 
that, contrary to traditional AE calculations, all farms are situated on the same side of 
the optimal IAI axis. Combining technical efficiency (TE) scores and IAI measures allows 
us to determine the unique position of each farm in the input-output space and cluster 
dairy farms based on their position. Three clusters are determined: (1) technical 
inefficient farms, with a high use of concentrates, roughage and pasture, and an 
intermediate infection level. Their TE and input allocation shows no correlation with the 
infection level, (2) farms which use high amount of roughage and pasture, have an 
intermediate TE and the highest infection level. On these farms TE is negatively, and 
input allocation positively, correlated with infection, (3) farms with the highest TE, the 
lowest level of infection and high use of concentrates. Here, TE is negatively, and input 
allocation positively, correlated with infection. Descriptive statistics and correlation 
analysis show a cluster-specific picture of the relation between risk to exposure to GI 
nematodes, input allocation, technical efficiency and the economic farm performances. 
More use of pasture in relation to the other inputs increases the economic performance 
through higher AE scores, but may also increase infection. Only for the group with a high 
TE score and high level of infection an improvement in AE may also leads to lower levels 
of infection. These observations lead to the conclusion that determining the position of 
farms in the input-output efficiency framework provides extra diagnostic power and 
provides farm-specific anchor points for simultaneously improving TE, AE and the level 
of infection.   
 










Infection of dairy cows with gastrointestinal (GI) nematodes affects farm productivity 
and leads to inefficient farming. In literature, most studies assess the impact of GI 
nematodes on partial productivity measures such as milk production per cow (Charlier 
et al., 2009a; Blanco-Penedo et al. 2012), daily weight gain (Dimander et al., 2003; 
Larsson et al., 2006; Ploeger et al., 1995) and reproductive performance, e.g., calving 
interval and calving rate (Gross et al., 1999; Sanchez and Dohoo, 2002; Sithole et al., 
2006). However, analysing the effect of GI nematodes and control strategies on the 
whole-farm performance requires a more integrative approach (Morgan et al. 2013; van 
der Voort et al., 2013).  
 
In literature, studies can be found that address the impact of animal diseases such as 
metabolic disorders, lameness (Lawson et al., 2004a; Barnes et al., 2011) and 
gastrointestinal nematode infections (van der Voort et al., 2014) on the technical 
efficiency of dairy farms. In these studies, technical efficiency is considered as a whole-
farm performance measure that either reflects the extent to which minimal amount of 
inputs (e.g., feed, labour and machinery) are used to produce a given level of outputs 
(e.g., milk and meat), or the extent to which maximal amounts of outputs are produced 
with a given level of inputs (Farrell, 1957). An advantage of efficiency analysis is that it 
integrates the effect of an animal disease on partial productivity indicators into one 
overall technical and/or economic performance of the farm. However, mere technical 
efficiency studies in animal health economics are facing several important drawbacks.  
 
First, technical efficiency studies ignore the allocation of farms inputs, which limits a 
thorough understanding of the relationships between the input-output transformation, 
the disease and the economic performance. Input allocation is expected to be of 
importance, because it can influence both the economic performance of a farm and the 
exposure to infection. For example, farms with similar technical efficiency scores may 
use different combinations of roughage, concentrates and pasture, or may pay different 
input prices, which will not only influence the economic performance (van der Voort et 
al., 2013), but also the exposure to GI nematodes (Vanderstichel et al., 2012).  
 
Second, efficiency studies assume that the presence of an animal disease affects the 
technical efficiency of the farm. However, a reverse causality between efficiency and the 
animal disease can be expected, which may result in a wrong interpretation of the 
results. For example, animal diseases may affect the technical efficiency of dairy farm, 
but highly efficient farms may be also more susceptible to diseases compared to less 
efficient farms.  
 
Finally, efficiency studies insufficiently take the farm-specific impact of animal disease 
on the farm performances into account. Existing studies mainly report the average effect 





heterogeneity of dairy farms may result in differences in level of infections and the 
actual impact of the disease (Charlier et al., 2007; Bennema et al., 2010). Factors of farm 
heterogeneity are, for example, farm size, geographical location, preferences of the 
farmer and management decisions (Huijps et al., 2008; Van Meensel et al., 2010b; 
Hogeveen et al., 2011). Understanding for each individual farm the factors that influence 
the level of disease and economic performance would, however, not be feasible. 
Nevertheless, based on classification systems, different types of farms may be identified 
with different interactions between input use, animal disease and efficiency (Gelasakis 




Figure 4.1 The relation between the disease, the farms input-output allocation, and the 
economic performance 
 
The objective of this paper is to study the farm-specific relationship between infections 
with GI nematodes, the technical efficiency and the allocation of inputs. Figure 4.1 
indicate that the economic performance is related to the technical efficiency and 
allocation of inputs, which are related to the animal disease. In this study, we 
hypothesize that not only technical efficiency, but also the allocation of inputs and the 
economic performances of farms are associated to infection with GI nematodes. In order 
to avoid reasoning on the specific relationship between infection, technical efficiency 
and the input allocation, no a priori assumptions are made on the direction causality. 
Improving farm specificity in efficiency analysis would be an important step toward 
more farm-specific advice. Therefore, in this study, we propose a framework with 
improved diagnostic power towards more farm–specific analysis, while maintaining the 
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framework is constructed to determine the position of the farm in the input-output 
efficiency framework and cluster analysis is used to group farms with comparable 
production performances.  
 
4.2 Materials and methods 
 
4.2.1 Data collection 
 
We use dairy farm accountancy data (2006-2010) from the Tiber Farm Accounting 
System used by Boerenbond, a Flemish farmers´ union. Farmers voluntarily provide data 
for this accounting system. Infection data on GI nematodes comes from a longitudinal 
parasitic monitoring campaign (Bennema et al., 2009), in which cows’ exposure to GI 
nematodes is monitored using the antibody detection O. ostertagi ELISA (SVANOVIR® O. 
ostertagi-Ab, Boehringer Ingelheim Svanova, Uppsala, Sweden) applied to bulk-tank 
milk as described by Charlier et al. (2009a). The test results provide an indicator for the 
herd’s exposure to GI nematodes. Farms that are present both in the accountancy and 
infection data are linked; this resulted in a longitudinal data set of approximately 184 
dairy farms each year. The data of the five consecutive years (2006-2010) are pooled to 
avoid the effect of price fluctuations, seasonal effects and measurement errors. The data 
pooling requires that individual farm data for at least two consecutive years are 
available. In addition, several farms are excluded from the data set when variables 
needed for the analysis are missing. A final cross-sectional sample of 152 farms is used 
in this study.  
 
To study the impact of management decisions on the farm performances and level of 
infection, two survey questionnaires about grazing management are taken into account. 
The data of the first questionnaire is collected in 2006 by Bennema et al. (2010) and are 
linked to our data set from Boerenbond. In total data of 84 farms are available. The data 
from the second questionnaire are collected with a grazing management survey send to 
the 152 farms of the sample in the period of October-December 2013 (Appendix 1). In 
total, 75 farmers answered the second questionnaire. The survey questionnaire includes 
questions about grazing management related to adult dairy cattle (from first calving 
onwards). The questions are referring to the 2013 situation. In addition, the farmer’s 
opinion on the evolution (e.g., daily grazing time and grazing season) of the farm during 
the past five years (2006-2013) is included to find how management has evolved. The 
length of the grazing season in months is calculated by subtracting the date (month) of 
turnout from the date (month) of keeping the cows indoors for each farm. Verification of 
the data is done by comparing the results from the 2006 and 2013 questionnaire about 
the farm´s current management with the  results from the 2013 questionnaire about the 







4.2.2 Efficiency framework 
 
An efficiency framework is used to determine the unique position of each farm in the 
input-output space. Efficiency analysis, first described by Farrell (1957), compares the 
current transformation of input(s) into output(s) with the potential optimal 
performance level. The optimal performance level is presented by the frontier and 
represents the best practice technology of a particular group of farms at a particular 
point in time. Efficiency measures differentiate between technical, allocative and cost 
efficiency (Coelli et al., 2005) (Figure 4.2a). Technical efficiency (TE) reflects the extent 
to which minimal input amounts are used to produce given amounts of output (i.e. 
input-oriented), or to the extent to which maximal output amounts are produced with 
given input quantities (i.e. output-oriented). Allocative efficiency (AE) measures the 
farms’ ability to use inputs in an optimal proportion given the input prices. Finally, cost 
efficiency (CE) combines TE and AE. The cost-efficient point is located where the isocost 
line is tangent to the production frontier. Efficiency scores lie between 0 and 1, where 0 
indicates full inefficiency and 1 full efficiency.  
 
The advantage of efficiency analysis is that the aggregate input-output transformation is 
considered against a performance benchmark. The challenge is to determine the 
relationship between the position of farms in the input-output framework and the level 
of animal disease. To allow for a more farm-specific diagnosis, we group farms with a 
similar input-output transformation and search for a relation between this position in 
input-output space and the infection with GI nematodes and type of grazing 
management.  
 
The position of farms in the input-output space is determined by the TE score and the 
combination of inputs used. The extent to which inputs are used in a cost-minimizing 
proportion is conventionally measured by the AE. A few animal health studies address 
this AE. Hansson and Öhlmér (2008) report that animal health practices, e.g., age at first 
calving and time between births, have a negative effect on the AE score. Van Meensel et 
al. (2010a) studied the effect of deworming treatments on AE scores. Unfortunately, 
farms with similar AE scores may be positioned differently in the input-output space. 
Therefore, one needs to be careful when using traditional AE scores to determine the 
position of farms in the input-output framework of efficiency analysis (van der Voort et 
al., 2013).  
 
In Figure 4.2a, we draw an AE line representing the optimal combination of inputs given 
the input prices (this is where AE = 1). The AE line intersects the frontier in point C, 
where the isocost line is tangent to the production frontier. The distance of farms 1 and 
2 to the AE line is similar, which results in a similar AE scores. Although these farms 
have an identical AE score, they use a different combination of inputs. AE scores are 
therefore not suited for clustering (explained in paragraph 4.2.4) farms according to the 
input combination they use. This is illustrated in Figure 4.2b, where farms are clustered 
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based on TE and AE scores. It is shown that farms that are using different input 
combinations are classified in the same cluster because they have similar AE scores. To 
group farms based on their unique position in the input-output framework, we therefore 
propose a new measure to determine the allocation of inputs. We call this measure the 
input allocation index (IAI). The IAI is calculated based on a fictive isocost line (Figure 
4.2c) and a fictive farm. In the two-dimensional representation in Figure 4.2c, the 
position of this fictive farm is obtained through combining the maximum of X2 per unit 
of Y over all farms, and the minimum of X1 per unit of Y over all farms minus an 
infinitesimal number. This allows placing the fictive farm just beneath the initial frontier 
and becoming part of the new frontier, thus being fully technically efficient. Due to the 
infinitesimal decrease of the minimum X1 per unit of Y, the technical efficiency scores of 
the farms in the sample remain the same. Fictive input prices are then chosen that result 
in a fictive isocost line which is tangent to the fictive farm. Consequently, the IAI line is 
constructed through the fictive farm. The IAI line represents the maximum IAI score, 
similar to the AE line representing a maximum AE score. The position of the fictive farm 
and the use of fictive prices to construct an IAI line through the fictive farm, makes that 
all farms become situated at the same side of the IAI line. Based on the IAI line, an IAI 
score, similar to the AE score, is calculated for all farms. Unlike the AE score, the IAI 
score fully represents the combination of inputs that is used. Farms with a different 
input allocation also have a different IAI score, because all farms are situated at the same 
side of the IAI line. The combination of TE scores and IAI scores then allows for 
clustering farms based on their unique position in input-output space (Figure 4.2d). 
Because we work with five input variables in our study, the fictive farm is determined by 
taking the minimum amount per unit of output of one variable minus an infinitesimal 
amount, and the maximum amount per unit of output of the other input variables. 
 
  








Figure 4.2 (a) Efficiency framework presenting the concept of technical efficiency (TE), 
allocative efficiency (AE), cost efficiency (CE), the cost efficient point (C) and farms with 
a similar AE scores (Farms 1 and 2) that have a different input allocation, (b) clusters of 
farms based on TE and AE scores, where farms with similar AE scores (Farms 1 and 2) 
but different input allocations are positioned in the same cluster, (c) efficiency 
framework presenting how the input allocation index (IAI) is determined for each farm 
based on the fictive IAI line. A fictive farm is introduced, based on the maximum X2/Y in 
the sample, and minimum X1/Y minus an infinitesimal number. This fictive farm allows 
for constructing a fictive isocost line, based on fictive input prices, which results in an 
IAI line that passes through the fictive farm and positions all farms on the same side of 
this line, and (d) clusters of farms based on TE and IAI scores, where farms with similar 
AE scores (Farms 1 and 2) are positioned in distinct groups because they have a 
different input allocation. 
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4.2.3 Mathematical model 
 
To identify the frontier, we use the input distance function approach with Data 
Envelopment Analysis (DEA), assuming a constant return to the scale (CRS). The data 
used in this study are similar to that of chapter 2 and indicate the presence of CRS. This 
means that a proportional increase in all inputs would result in an increase in output by 
the same factors.  
 
We consider milk production in litres of energy-corrected milk to be the output variable. 
Only one output is considered, because from a production-economic viewpoint, the 
objective of specialised dairy farms is to produce milk. Moreover, for the farms in our 
data set, 90% of farm income comes from milk sales. Our model includes five input 
variables: 1) concentrate intake (defined as kilograms used), 2) roughage intake 
(defined as kilograms used), 3) pasture (defined in hectares, i.e. the sum of grazed 
grassland and grassland used for roughage), 4) number of dairy cattle in the herd, and 5) 
variable costs, which are the remaining variable costs of the farm. Because the kilograms 
of roughage consumption are not directly available from the data set, we calculate them 
by using the average price per kilogram of each single-roughage product from the 
Belgium Farm Accountancy Data Network. This information is representative for 
Flanders (De Becker, 2007). 
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Where 𝜆𝑖, 𝑥𝑛,𝑖, 𝑦𝑖  ≥ 0, i = 1, …, I; θ is the scalar of technical efficiency score and λ 
represents an K x 1 vector of weights; x and y are matrices of input and output quantities 
for all farms respectively; 𝑥𝑖  is a vector of input quantities for the ith farm, and 𝑦𝑖 is a 







For obtaining the CE score for the ith farm, farm-specific prices are used, and the 
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Where 𝑤𝑛,𝑖 are the farm-specific prices of inputs (concentrates in €/kg, roughage in 
€/kg, pasture in €/ha, and cow costs in €), and 𝑥𝑛,𝑖
∗
 is the cost efficient input use. 
 










                                                                                                                            (4.3) 
 
 






                                                                                                                                             (4.4) 
 
 
The IAI is calculated similar to AE but instead of using actual farm-specific input prices 
(𝑤𝑛,𝑖), fictive prices is used, which are similar to each farm. This fictive price is 
determined by increasing the price of concentrates until the IAI line goes through the 
fictive farm. The efficiency measures are estimated using the LP solver of Cplex in 
General Algebraic Modelling Systems (GAMS). 
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4.2.4 Cluster analysis 
 
In this study, cluster analysis is used to identify dairy farms with similar production 
systems. This clustering contributes to a more farm-specific approach of analysing the 
relation between input use and infection with GI nematodes. Farms are clustered based 
on the TE and IAI scores. The optimal number of clusters is chosen on the basis of the 
hierarchical Ward’s minimum variance method, minimizing the sum of squared 
distances between individuals within a cluster and maximizing the square distance 
between clusters (Köbrich et al., 2003). The dendrogram and agglomeration schedule 
from Ward’s method and the interpretability of the obtained solutions are used to 
establish the most meaningful number of clusters. When the appropriate number of 
clusters is chosen, a non-hierarchical K-means cluster method is applied to cluster the 
farms. K-means clustering minimizes the distance between the data and the 
corresponding cluster centroid. The squared Euclidean distance (the sum of the squared 
differences between the values of the clustering variables) is selected to measure the 
distance between cases in the cluster analysis.  
 
4.2.5 Statistical analysis 
 
To characterize and compare the identified clusters, the main descriptive statistics are 
calculated for each cluster. When describing the difference between clusters, the IAI 
points out the difference in position and the traditional AE is part of the economic 
analysis. Several other variables are studied, which are not taken up in the efficiency 
model, but which are used in many studies to explain the economic performances of 
dairy farms. These include the gross margin, roughage milk production and grazing 
management data. The variable gross margin is calculated based on a price premium for 
milk and feed. This price premium is estimated, because data for consecutive years 
include large price variations from year to year. To compare farms, these time effects are 
excluded from the analysis. The price premium for the two variables is calculated by 
first taking the ratio of the individual farm price and the average price across farms per 
year. Next, this ratio is multiplied by the average price over the five-year period of the 
entire sample. The price premiums are used to determine the milk revenues, feed costs 
and gross margin. Roughage milk production gives an indication of how efficient 
roughage is used to produce milk.  
 
To explain differences between groups in the input-output position, first, a Shapiro-Wilk 
test is performed to test the normality of the data. For the non-normal distributed data, 
a Kruskal-Wallis test is used to distinguish differences in the technical and economic 
variables among the identified groups of farms. For the normally-distributed data a 1-
way ANOVA is applied. A Bonferroni t-test is used for the mean comparison of data with 
equal variances and a post-hoc Dunn test is used for the mean comparison of variables 
without equal variance. The level of significance is set at P < 0.05. A Spearman’s rank test 





the other variables. This analysis is performed to better understand the relationship 




4.3.1 The farm clusters 
 
The clustering results in three farm groups. The three groups include 31, 40, and 81 
dairy farms and represent three distinct positions in the input-output framework (Table 
4.1). The position of the farms are based on the TE and IAI scores (Figure 4.3). Group 1 
has the lowest TE score. For both infection level and IAI scores, the group’s average 
scores lies between the scores of Groups 2 and 3. The average TE score of Group 2 lies 
between the scores of Groups 1 and 3. The infection level and IAI score are highest in 
Group 2. Group 3 has the highest TE score, the lowest IAI score and also the lowest level 
of infection.  
 
Figure 4.3 Position of the groups based on the technical efficiency (TE) and input 
allocation index (IAI) 
 
4.3.2 Group 1: Low TE, intermediate IAI and high infection level 
 
The low TE of this group implies that a high amount of all input per unit of output is 
used. The herd size is low, with 56 dairy cows on average. The roughage milk 
production, which represents how efficiently the amount of roughage is used by dairy 
cows to produce milk, is lowest in this group. The intermediate IAI score comes from 
input ratios that lies between those of the other groups. The average AE score lies 
between those of Groups 2 and 3. The gross margin is lowest in this group. Within the 
group, no correlation is observed between the infection level and the TE and IAI scores 
(Table 4.2). However, the concentrates-roughage input ratio is positively correlated with 











Group 1 Group 2 Group 3
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The 2006 grazing management survey related to O. ostertagi includes 10 farm 
observations of  Group 1. Eight farms use pasture for grazing; on two farms, grazed grass 
accounts for more than 50% of the cow’s diet. The average grazing season is 6.9 months. 
Sixty percent of the farms mows all or most of their pasture before grazing. On seven 
farms, adult dairy cattle graze day and night on pastures. The 2013 grazing management 
survey include 15 farm observations of Group 1. In 2013, 12 of those 15 farms still use 
pasture for grazing as compared to 2006. The survey results indicate that the amount of 
pasture mowed before grazing is lower compared to 2006, and some farms stopped all 
mowing before grazing. Many farms have decreased the grazing hours. On 3 farms, adult 
dairy cows spent less than 6 hours grazing per day. The duration of the grazing season is 
higher (7.5 months vs. 6.9 months) compared to the results of the 2006 survey.  
 
4.3.3 Group 2: Intermediate TE, high IAI and intermediate infection level 
 
The intermediate TE of this group is reflected mainly by the intermediate use of 
roughage, pasture and variable costs per 100 litre milk. The use of concentrates per 100 
litre milk is lowest in this group. Milk production per cow is intermediate and lies 
between Group 1 and 3. The herd size (55 dairy cows) is relatively small. The variable 
“roughage milk production” is high, which means that these dairy cows use roughage to 
produce milk in the most efficient way compared to the other groups. Both the IAI and 
AE scores are highest in Group 2. This indicate that, at the given input prices, the inputs 
are used more in a cost-minimizing proportion as compared to the other groups. The 
gross margin is relatively high compared to Group 1. Within this group, there is a small 
correlation between the level of infection and the TE and IAI. The TE is negatively 
correlated with infection, while the IAI is positively correlated. The roughage use per 
100 litre milk and the number of ha of pasture per 100 litre milk are positively 
correlated with infection. The ratios ‘concentrates-roughage’, ‘concentrates-dairy cattle’ 
and ‘concentrates-variable cost’ are negatively correlated with infection. A relatively 
strong negative correlation is observed between infection level and milk production per 
cow.    
 
The 2006 grazing management survey includes 25 farms in Group 2. Twenty of them 
have pasture for grazing; on four farms, cows have access to a paddock. On 17 farms, 
more than 50% of the cows’ diet consists of grazed grass. Two farms do not mow their 
pasture for grazing at all and 11 farms mow less than 50% of their pasture before 
grazing. The average grazing season is 7.3 months. The 2013 management survey 
includes 23 farms. In 2013, zero grazing for adult dairy cows is applied on two farms 
and grazing time per day decreased in the group as a whole. However, more pasture 
land is mowed before being grazed by adult dairy cattle. The duration of the grazing 
season is slightly shortened compared to the results of the 2006 survey (7.0 months in 





 Table 4.1 Means ± standard deviation for continuous variables in the 3 clusters and comparison between them 
 
Parameters  
Group 1 (n = 28)  Group 2 (n = 40)  Group 3 (n = 84) 
  mean Standard 
deviation 
 Mean Standard 
deviation 




TE1 0.709a 0.121  0.865b 0.080  0.934c 0.057 
IAI2 0.527a 0.096  0.709b 0.097  0.440c 0.063 
 AE3  0.813ab 0.105  0.857a 0.110  0.804b 0.083 
 CE4  0.578a 0.129  0.743b 0.129  0.752a 0.093 
Infection GI nematodes infection (ODR)5 0.806a 0.125  0.814a 0.117  0.668b 0.204 
Inputs Concentrates (kg/100L ECM6) 39.73a 18.05  22.27b 2.97  33.24a 4.97 
 Concentrates cost (€/kg) 0.23a 0.033  0.27b 0.028  0.23a 0.022 
 Roughage (kg/100L ECM) 129a 30  115a 31  92b 22 
 Roughage cost (€/kg) 0.099a 0.033  0.090a 0.017  0.089a 0.018 
 Pasture (ha/100L ECM) 0.0057a 0.0029  0.0048a 0.0016  0.0032b 0.0012 
 Pasture cost (€/kg) 392a 180  393a 126  479b 178 
 Variable costs (€/100L ECM) 8.11a 5.66  7.01a 3.77  5.69b 5.19 
 No. of dairy cattle  55.66a 21.17  54.55a 20.40  69.91b 36.90 
Input ratios concentrates:roughage ratio 0.328a 0.139  0.216b 0.059  0.400c 0.121 
 concentrates:pasture ratio 7958a 3190  5118b 1723  12953c 8361 
 concentrates:dairy cow ratio 2450a 846  1626b 311  2775c 495 
 concentrates:variable cost ratio 6.89a 4.04  4.25b 1.92  8.68a 4.62 
 roughage:pasture ratio 27488ab 13461  25853a 9360  36370b 24274 
 roughage:dairy cow ratio 8122a 1902  8113a 1534  7613a 1894 






 pasture:dairy cow ratio 0.342a 0.135  0.343a 0.096  0.265b 0.097 
 pasture:variable cost ratio 0.00092a 0.0049  0.00090a 0.00043  0.00080a 0.00044 
 dairy cow:variable cost ratio 0.0028a 0.002  0.0025a 0.001  0.0030a 0.002 
Output ECM (L/cow)6 6671a 1362  7553b 1125  8511c 767 
Others Roughage milk (VEM)7 2461a 889  4202b 809  2903a 805 
 Gross margin (€/100L ECM) 9.15a 6.98  12.02ab 5.57  13.22b 3.27 
1 TE = technical efficiency; 2 IAI = allocative efficiency index; 3 AE = allocative efficiency; 4 CE = cost efficiency; 5 GI = gastrointestinal; ODR = optical density ratio; 6 
ECM = energy corrected milk;  7 VEM = Dutch net energy system for dairy cows 







4.3.4 Group 3: High TE, low IAI and low infection level 
 
The high TE in this group is reflected by the low use of roughage, pasture and variable 
costs per 100 litres milk. The concentrate use per 100 litres milk lies between the 
amounts used in Groups 1 and 2, and the milk production is highest of the three groups. 
The herd size is also highest, with 70 dairy cows. The variable roughage milk production 
lies between that of Groups 1 and 2. The IAI is low and inidcate a low AE too, which 
means that the inputs are not used in a cost-minimizing proportion. Nevertheless, the 
gross margin is highest for this group.  
 
The level of infection in this group shows only a small correlation with the TE. However, 
concentrates and roughage per 100 litres milk are negatively correlated with infection 
and pasture per 100 litres milk is positively correlated with infection. The IAI positively 
correlates with infection. The level of infection and the input ratios ‘concentrates-
pasture’, ‘concentrates-dairy cows’, ‘concentrates-variable cost’, ‘roughage-pasture’, 
‘roughage-dairy cows’ and ‘roughage-variable cost’ are negatively correlated with 
infection. The ratio ‘pasture-dairy cows’ is positively correlated with infection. A strong 
negative correlation is present between the level of infection and the milk production 
per cow.   
 
Table 4.2 Correlation to Ostertagia ostertagi infection level 
 
 Group 1 Group 2 Group 3 
TE1 -0.198 -0.292† -0.213† 
IAI2 -0.099 0.285† 0.356** 
AE3 0.175 -0.129 0.398** 
CE4 -0.109 -0.210 0.211† 
Milk production (L ECM/cow)5 -0.240 -0.354* -0.343** 
Concentrates total (kg/100L ECM) 0.175 -0.076 -0.263* 
Roughage total (kg/100L ECM) -0.048 0.329* -0.213† 
Pasture total (ha/100L ECM) 0.090 0.310* 0.350** 
No of dairy cattle  0.096 -0.417** -0.333** 
Variable cost (€/100L ECM) -0.077 0.293† 0.230* 
concentrates:roughage ratio 0.358* -0.342* 0.016 
concentrates:pasture ratio -0.301† -0.255 -0.400** 
concentrates:dairy cow ratio -0.036 -0.411** -0.384** 
concentrates:variable cost ratio 0.203 -0.338* -0.334** 
roughage:pasture ratio -0.423* -0.069 -0.374** 
roughage:dairy cow ratio -0.276 0.186 -0.329** 
roughage:variable cost ratio 0.079 -0.183 -0.273* 
pasture:dairy cow ratio 0.210 0.061 0.271* 
pasture:variable cost ratio 0.290 -0.127 0.021 
dairy cow:variable cost ratio 0.232 -0.173 -0.195 
1 TE = technical efficiency; 2 IAI = allocative efficiency index; 3 AE = allocative efficiency; 4 CE = cost 
efficiency; 5 ECM = energy corrected milk; † P < 0.10; * P < 0.05; ** P < 0.01  
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For 2006, grazing management information for 49 farms is available. Most farms (80%) 
use pasture for grazing. On 1 farm (2%) the adult dairy cows have no access to pasture 
and on the remaining 9 farms (18%), adult dairy cows have access to a paddock. On 56% 
of the farms, more than 50% of the diet consists of grazed grass. On 41% of the farms, 
less than 50% of the diet consists of grazed grass. The average grazing season is 7.2 
months. On 72% of the farms, most to all of the pasture is mowed before grazing. In the 
2013 survey, 46 farms are included in the grazing management survey. In that year, the 
average grazing season is slightly shorter (6.7 months vs. 7.2) and on 13 farms, zero 
grazing is applied for adult dairy cows. This is also reflected by the proportion of grazed 
grass in the diet and the lower number of grazing hours per day compared to 2006. In 
addition, less pasture is mowed before grazing. 
 
4.4 Discussion  
 
To improve the diagnosis of possible links between helminths (GI nematodes) and 
productivity on dairy farms, we develop an adjusted input allocation measure with 
which the farms can be clustered on their position in the input-output space. However, 
both components of the method are subject to discussion. The adjustment extends the 
more holistic technical efficiency analysis with an allocative component, but not in a 
traditional way. The IAI we construct, in reaction to the problem that traditional AE 
suffers from attributing the same score to different input combinations, may sound 
artificial. Indeed, many virtual set of prices can be imagined that satisfy our objective to 
have all farms on one side, but which yield other IAI scores for the farms. Something 
similar applies to the cluster analysis: in particular, choosing a certain number of 
clusters may sound subjective. We are aware that results may change with other prior 
choices, but we do not perform a robustness analysis, because the ultimate aim is to 
position farms in an efficiency framework and to form clusters with farms from which 
some econometric relations can be derived. We try to avoid arbitrariness by first 
choosing virtual prices so that the IAI line lies close to the farms in the efficiency 
framework, and second, by using the well-established selection criteria for cluster 
analysis (Köbrich et al., 2003). 
  
The better positioning and clustering of farms allows us to differentiate the relation 
between technical efficiency, input allocation, infections with GI nematodes, economic 
performance and grazing management. Similar farms are grouped in the input-output 
space given their unique position based on their TE and IAI score. Cluster analysis is 
appropriate to identify farms with similar production systems and therefore allows a 
more farm-specific analysis (Clavel et al., 2011; Kempen et al., 2011). Groups are 
constructed when the degree of association is strong between members of the same 
cluster, but weak between members of different clusters. Animal health research uses 
cluster analysis to design disease prevention programs and to make decisions about the 
timing of treatment, animal target and treatment strategies. For example, Valeeva et al. 




motivations to improve mastitis management, and Raffrenato et al. (2013) cluster goat 
farms into three management systems based on nutrition, health and reproduction. An 
alternative approach would be to use single key variables, such as kilograms 
concentrates use per litre milk and kilograms roughage use per litre milk. In our study, 
the use of TE and IAI results in more distinctive groups compared to clustering based on 
the farm’s input-output ratios, where only the variable “roughage” clearly differentiate 
between the groups. The other variables are diffusely scattered between groups. A 
possible explanation is the presence of collinearity between the input variables, which 
can interfere with cluster analysis (Castel et al. 2010; Ruiz et al. 2009). Furthermore, the 
distinctive capacity between clusters reinforces using a small number of variables. With 
TE and IAI we still consider the overall farm performances and mirror the position in the 
input-output space of the efficiency framework.   
 
Given our case and the assumptions presented above, we obtain three clusters, each 
with a different relationship between the position in input-output framework, GI 
nematode infection and type of grazing management. The results of this study confirms 
our hypothesis and find a relation between the level of infection with GI nematodes, the 
allocation of inputs and the economic farm performances. Additionally, per cluster, 
possible economic improvement paths can be described together with their association 
with infection. Next, some insights are provided how the allocation of inputs can be used 
to reduce infection and/or reduce the input costs.  
 
In Group 1, because there is no correlation between infection and IAI and TE, a change in 
the input-output position is not expected to be accompanied by a change in infection. 
The high level of infection in this group is expected to be associated with the high 
amount of available pasture per 100 litre milk, because exposure to pasture is 
considered to be an important factor driving the level of infection (Vanderstichel et al. 
2012). In order to improve AE, farms in Group 1 should reduce the amount of roughage 
compared to the other inputs. At the current price levels, becoming fully allocatively 
efficient is not possible for farms in Group 1, because the allocative efficient input 
combination can only be found in Group 3. To become fully allocatively efficient farms 
should move to Group 3. However, AE can be improved in their own group by reducing 
roughage use in relation to the other inputs. 
 
A change in the position of farms in Group 2 is expected to be accompanied by a change 
in infection, because an increase in TE and decrease in IAI are associated with a decrease 
in infection. In Group 2, farms cannot become allocatively efficient in their own group, 
because the allocatively efficient point is positioned in Group 3. However, AE can be 
improved in their own group by an increase use of concentrates and pasture and reduce 
roughage use in relation to the other inputs. While reducing roughage per 100 litre milk 
is associated with lower levels of infection, increasing pasture per 100 litre milk is 
associated with higher levels of infection. This is confirmed by literature, where reduced 
appetite is reported to be a result of GI nematode infections (Forbes et al., 2009) and 
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exposure to pasture is an important factor for elevated infection levels (Vanderstichel et 
al., 2012; Hoste and Torres-Acosta, 2011). There is thus a trade-off between optimizing 
AE and reducing infection.  
 
Finally, a change in the position of farms in Group 3 is associated with a change in level 
of infection. Increasing TE and decreasing IAI are associated with a decrease in the level 
of infection. To become allocatively efficient in Group 3, farms should reduce roughage 
and increase pasture use in relation to the other inputs. In Group 3, reducing roughage 
per 100 litre milk and increasing pasture per 100 litre milk are associated with an 
increase in the level of infection. A trade-off between optimizing AE and reducing the 
level of infection can thus also be found for Group 3.  
 
In order to support farmer´s decisions on disease control, only knowing the average 
effect of an animal disease on the farm performances is not sufficient. Understanding the 
link between the farm-specific position in the input-output space and the level of disease 
becomes important. The farm-specific input-output transformation provides 
complementary information for supporting farmer’s decisions regarding the control of 
infections with GI nematodes. This study suggests that becoming more technical efficient 
is not the only key to reduce the level of infection. Adjusting the combinations of inputs 
can also result in lower levels of infection, especially when focusing on the amount of 
hectares of pasture that is used. Besides the area of pasture that is used, also grazing 
management, for example reducing the hours of grazing per day or mowing pasture 
before the cows are turned out, is fundamental in GI nematode control. Reducing the 
level of infection may, however, not always lead to a more cost efficient use of the inputs. 
The results of this study suggest that the group of farms with a low TE score may better 
start with focussing on improving TE and AE, before considering a reduction in the level 
of infection. The group with a high TE and high level of infection can increase AE and 
reduce infection simultaneously and therefore reducing infection can be beneficial. 
However, for the group with a high TE and low level of infection, improving AE entails a 
higher infection level and vice versa. 
 
The economic improvement potential presented above are based on current input 
prices. If the price of inputs will change, the point of allocative efficiency will also 
change. For example, if prices for concentrates increase, which the prices are expected 
to do in coming years (Thornton, 2010), the point of allocative efficiency may move 
further away from Group 3 and the allocative efficiency of Group 3 will then drop. 
Therefore, the best improvement option for one year can be different from other years. 
Although grouping of farms could have been performed for each year separately, this 
would have resulted in similar groups with comparative relations between the position 
of the farm in the input-output space and the level of infection. The AE would only be 
different between the groups, because of different prices for input each year. Though, for 





Although this study provide better positioning within an efficiency framework and with 
respect to similar farms, thus giving a more differentiated picture of the relation with 
infection, it does not allow for definite conclusions about management options. The 
value of this study is obtained from shedding more light on the economic-
epidemiological relations. Existing studies on helminth infection examine the relation 
between infection and technical performance measures, which in turn affects the 
economic farm performances. In this study, we reveal additional diagnostics about the 
association between the farms allocation of inputs, infection with GI nematodes and the 
economic performance. Our examination reveals that the association between input use, 
animal disease and economic performance depends on the position of the farm in input-
output space. Although this research reveal several relationships, with this study we do 
not give an answer on the direction of causality and the effect of confounding factors on 
the results are not known. To increase our understanding of the relation within the 
clusters, further research may implement an inefficiency effect model for each group, as 
presented in chapter 3 of this dissertation. However, a bigger sample is then needed, 
because with the current groups no significant models can be obtained since the size of 
the sample is too small. To better understand the effect of confounding factors, like 
grazing management and the use of anthelmintics, they can be included also as 
explanatory variables in these inefficiency effect models.  
 
4.5 Conclusion  
 
A measure is constructed to determine the input allocation of the farms in the input-
output space that addresses some main drawbacks of mere TE measures in animal 
health analysis. This study has three novel aspects: (1) a focus on the positioning of 
farms in the input-output space based on TE and the allocation of inputs, (2) no a priori 
assumptions about the direction of the relationship between infection and efficiency and 
(3) a more farm-specific analysis. Because the traditional AE is not suitable for 
positioning farms according to their input allocation, we develop an alternative measure, 
the input allocative index (IAI). This IAI allows for a  unique positioning of the farms and 
better clustering. In our case, three groups of dairy farms are formed with a specific 
input-output transformation. We find, within each cluster, other relations between the 
input-output production of the farms and the level of GI nematode infection. Moreover, 
at the current price levels, improvement of AE implies a higher level of GI nematode 
infection in two of the three groups. Only in the group with a high TE score and a high 
level of infection, reducing infection seems of economic interest. The observed 
relationships can be a starting point for further elucidating the relationships between 
input use, animal disease and economic performance of dairy farms. Further elucidating 
can be obtained by studying the effect of possible interacting factors. The insights gained 
from this study can be used to identify economic-epidemiological improvement paths 
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For various reasons, including decreasing profit margins, optimisation in dairy farming 
depends more and more on integrative whole-farm planning. Related research requires 
farm specificity. This paper analyses the farm-specific impact of grazing management to 
control gastrointestinal (GI) nematode infection in grazing dairy cattle on whole-farm 
performances. Three grazing management (GM) types are studied, i.e. GM1: later turn 
out on pasture, GM2: earlier housing and GM3: shorter grazing time per day. To account 
for both whole-farm performance and farm specificity, various theories, methods and 
information sources are combined: production theory, generic information from 
literature, individual farm accountancy and GI nematode infection data, efficiency 
analysis and whole-farm simulation. Central to the methodological framework is an 
inefficiency effect model, the whole-herd simulation model called “DairyWise” and 
partial budgeting. The required level of farm specificity is determined through 
comparing average with individual farm simulations. Based on averages, grazing 
management results in a decreasing gross margin. At individual farm level, the results 
show a high variation between individual farms. Therefore, grazing management advice 
for individual farmers is inadequate when it is based on generic information and 
average farm data.  
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5.1 Introduction  
 
Gastrointestinal (GI) nematode infections are widespread among pastured adult dairy 
cattle and form an important constraint to productivity (Sanchez et al., 2004; Charlier et 
al., (2009a; 2011)). The control of GI nematode infections is mainly based on 
anhelmintics, because most products have no withdrawal time for milk and their 
efficacy is high (Charlier et al., 2009a; Bloemhof et al., 2014; McArthur and Reinemeyer, 
2014). However, resistance against anthelmintics is emerging and alternatives are being 
sought (Sutherland and Leathwick, 2011; De Graef et al., 2013; Shalaby, 2013). 
Currently, changes in grazing management are seen as the only realistic alternative to 
anthelmintics (Bennema et al., 2010; Charlier et al., 2005b; Morgan et al., 2013; 
Stromberg and Averbeck, 1999). Grazing management, such as shortening the grazing 
season, mowing the pasture before grazing and reducing grazing time per day, lower the 
infection levels in adult dairy cattle (Bennema et al., 2010, Charlier at al., 2010, 
Vanderstichel et al., 2012). Although alternative grazing management decisions are 
increasingly advised, empirical evidence on improved economic farm performances is 
lacking (Charlier et al., 2014). It is important to assess these economic effects, however, 
because the pressure on farm income is expected to increase (Thornton, 2010).  
 
Improved economic performance by means of integrated disease control via grazing 
management, requires more integrative whole-farm approaches. Literature provides 
evidence for separate building blocks and first integrative efforts. Knowledge about the 
effect of grazing management decisions does exist (Charlier et al., 2005b; Bennema et al., 
2010), but is insufficient to give full insight in impacts. Therefore, whole-farm dairy 
simulation models can be appropriate (Dijkhuizen and Morris, 1997; Singer et al., 2011). 
Production theory can help to prioritise decisions that reduce the level of infection and 
simultaneously improve economic performance, but it needs complementary methods 
such as efficiency analysis and budgeting techniques (Van Meensel et al., 2010b; van der 
Voort et al., 2013). Whereas efficiency analysis identifies a performance benchmark 
(Coelli et al., 2005) and assesses relative changes in technical and economic farm 
performances when implementing grazing management decisions (Van Meensel et al., 
2010a), budgeting expresses these changes in terms of economic key performance 
indicators (KPIs), for example gross margin per cow per year (Ettema et al., 2010; 
Charlier et al., 2012b). Fundamental to an integrative approach combining grazing 
management simulation, efficiency analysis and budgeting is a consistent use of input 
and output data. 
 
Besides the concern about consistency in data, another problem arises, namely farm 
specificity of the data and impact simulations. Since GI nematode infections and input-
output efficiency differ between farms, the impact of grazing management decisions may 
also be different between farms. If this is the case, then impact based on average dairy 
farm data (Bennet, 2003; Charlier et al., 2012a; Lassen and Østergaard, 2012) do not 




their inputs into outputs plays an important role in both the level of infection and 
economic farm performances. Through simulating various groups of farms differing in 
input-output transformation, we found associated differences in the level of GI 
nematode infection. We also expect management decisions to control GI nematode 
infections to be farm specific, thus we have considered a similar grouping of farms to 
examine farm specificity.  
 
The objectives of this study are (1) to study the impact of grazing management to 
control GI nematode infection in grazing dairy cattle on whole-farm performances and 
(2) to determine how farm-specific the effects need to be assessed. Our analysis is based 
on a methodological framework that combines several information sources and 
methodologies: generic information from literature, farm-specific accountancy data on 
the technical and economic farm performances, farm-specific infection data, an 
inefficiency effect model to determine the impact of infection on the whole-farm 
performances (see chapter 3) and a whole-farm model called “DairyWise” (Schills et al., 
2007).  
 
5.2 Materials and methods 
 
5.2.1 Grazing management 
 
Grazing management is an important factor to explain the varying degree of GI 
nematode infections in adult dairy cattle. The number of GI nematodes on pasture is 
strongly related to the development of the free-living stage of GI nematodes, which 
depends on temperature and humidity. The development of the worms increases when 
temperature rises, but worm development is also influenced by grass growth (Gettinby 
and Paton, 1981; Young et al., 1980; Stromberg and Gasbarre, 2006). Literature reports 
several grazing management factors that are associated with the level of infection, such 
as the month of housing (the earlier, the lower the infection), the month of turnout on 
pasture (the later, the lower the infection), hours per day on pasture (the less, the lower 
the infection), mowing of pasture (the more mowing, the lower the infection) and 
stocking rate (the lower the rate, the higher the infection) (Charlier et al., 2005b; 
Vanderstichel et al., 2012; Ravinet et al., 2014). These grazing management factors can 
reduce the contamination of pasture and/or limit the exposure of the host to the 
parasite. 
 
In this study, three types of grazing management that are known to significantly reduce 
GI nematode infections in adult dairy cattle, are considered to simulate the effect on 
economic performance: first, a later date for turning out the cattle on pasture (GM1); 
second, an earlier date of housing of cattle (GM2); and third, a reduction of the grazing 
hours per day on pasture (GM3). For GM1, turnout is postponed to May 31; for GM2, 
housing is advanced to the first of September; and for GM3, grazing time per day is 
reduced to six hours. Based on the regression models of Charlier et al. (2005b) and 
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Bennema et al. (2010), who linked management factors to the level of GI nematode 
infections, the change in infection due to implementing grazing management is 
estimated (Table 5.1). The level of infection is measured by an optical density ratio 
(ODR) and the reduction through adapting grazing management depends on the farm´s 
grazing history. 
 
Table 5.1 The effect of implemented grazing management decisions on the level of GI 
nematode infection (ODR1) in pastured dairy herds 
 
GM12 ODR  GM22 ODR GM32 ODR 
March Baseline November Baseline 24 h Baseline 
April -0.004 October -0.044 > 6 h -0.046 
May -0.043 September -0.089 < 6h -0.086 
June -0.222     
1 ODR = optical density ratio; 2 GM1 = later turn out of dairy cattle on pasture; GM2 = earlier housing of 
dairy cattle; GM3 = shorter grazing time a day 
 
5.2.2 Data collection 
 
Farm accountancy data (2006-2010) from the Tiber Farm Accountancy System used by 
Boerenbond, a Flemish farmers´ union, are linked to a GI nematode infection data set, 
which is collected by a yearly parasitic monitoring campaign from 2006 to 2010 
(Bennema et al., 2009). More detailed explanations of both datasets are given in chapter 
4. The five years of data (2006-2010) are pooled and result in a cross-sectional sample 
of 152 farms. Individual farm management information on grazing history is collected 
from a 2006 questionnaire by Bennema et al. (2010). Management data, available for 84 
farms, included information on the type of housing, pasture access, the length of the 
grazing season (i.e. start and end of the grazing season), grazing time per day, the 
amount of pasture mowed before grazing and information about anthelmintic use.  
 
From the 152 dairy farms in our data set, 135, 133 and 125 farms are used for analysing 
GM1, GM2 and GM3, respectively. Some farms are excluded from the data set because 
they already applied the type of grazing management or have an ODR < 0.5. Only farms 
with an ODR > 0.5 are considered to have a moderate to significant exposure to O. 
ostertagi and a negative effect on production is assumed (Charlier et al., 2011). Other 
data concern the amount of concentrates, representing concentrates and by-products, 
the amount of roughage, including home-grown maize and purchased roughage like 
straw and hay and the area of pasture, including all hectares of pasture which are used 
for grazing and for production hay and grass silage. The costs for roughage and pasture 
concern those needed for production such as, fertilisers, seed, maintenance and hired 
labour. The remaining variable costs include all the costs for animal health, 





5.2.3 Methodological framework 
 
The methodological framework to assess the farm-specific effects of grazing 
management is presented visually in Figure 5.1. The methodological framework 
combines different information sources and methods. It starts with efficiency analysis to 
estimate the technical and cost efficiency of the dairy farms before grazing management 
is implemented. Next, the effect of grazing management is determined on the inputs and 
output of the farms. To estimate the effects on the inputs, a whole-farm simulation 
model, “DairyWise”, is used. The effects on the output are estimated with the same 
inefficiency effect model we applied in chapter 3. Based on the changes in inputs and 
output, again the efficiency is estimated and the change in efficiency is analysed. To 
make these results more communicative, partial budgeting is used to estimate the 
impact of grazing management on gross margin.  
 
5.2.3.1 Efficiency analysis 
Efficiency analysis, based on the original work of Farrell (1957), is applied at various 
stages in the framework. First, it is used to study the initial situation of productive 
efficiency of the dairy farms. It identifies the farm´s inefficiency by comparing the 
current transformation of input(s) into output(s) with the potential optimal 
performance level. The optimal performances represent the best practice technology of 
a particular group of farms at a particular point in time. In this study, input-oriented 
technical efficiency (TE) scores are estimated, reflecting the ability of a farm to use 
minimal amounts of input(s) to obtain (a) given amount of output(s). In addition, 
allocative and cost efficiency scores are estimated. Allocative efficiency (AE) measures 
the farm´s ability to use inputs in an optimal proportion given the input prices and cost 
efficiency (CE) is a combination of TE and AE. 
 
To draw the benchmark from a data set and to derive the efficiency scores, Data 
Envelopment Analysis (DEA) is applied. An introduction to DEA can be found in Coelli et 
al. (2005). The efficiency scores of the farms are estimated with an input distance 
function approach and constant return to scale is assumed. We consider milk production 
in litres of energy-corrected milk as the output variable and include five input variables: 
1) concentrate intake (defined as kilograms used), 2) roughage intake (defined as 
kilograms used, i.e. maize and purchased roughage), 3) pasture (defined in hectares, i.e. 
the sum of grazed grassland and grassland used for roughage), 4) number of dairy cattle 
in the herd, and 5) other variable costs, which are the remaining variable costs of the 
farm. The efficiency levels for each farm are obtained by solving the equations presented 
in chapter 4.2.3 before and after implementing grazing management. In addition, 
remaining economic improvement margins are studied.   





Figure 5.1 Methodological framework combining different methods and information 
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5.2.3.2 Whole farm simulation model 
To determine changes in inputs, a whole-farm simulation model, “DairyWise”, is used. 
DairyWise is a static model, developed by Wageningen UR Livestock Research, which 
simulates the technical, environmental and financial processes on Dutch dairy farms 
(Schills et al., 2007, van den Pol-van Dasselaar et al., 2013). The model is based on the 
most up-to-date knowledge on animal nutrition, crop production and fertilisation. It 
simulates various processes on the dairy farm. By including alternatives for the farm’s 
operational management, performance changes can be estimated. Central to DairyWise 
is the FeedSupply model, which balances the herd requirements, generated by the 
DairyHerd model, with the supply of home-grown feed and imported feed. The 
minimum input requirements of DairyWise include livestock and feed management data 
(i.e. the number of animals, the grazing system and feeding strategy) and land and crop 
management data (i.e. soil type, number of hectares and the use of fertilisers). If the user 
requires more detail, it is possible to introduce additional data and overwrite the default 
values of the model parameters. The default values are based on dairy farm data from 
the most recent publication of KWIN-veehouderij (KWIN, 2013-2014).  
 
To perform simulations with DairyWise, the model requires either fixing the amount of 
milk production per cow per year or fixing concentrate use per cow per year. In this 
study, the milk production per cow per year is fixed, because it is assumed that milk 
production is directly affected by the level of infection as a result of the grazing 
management (see below). Changing grazing management results in a balanced change in 
feed use without affecting milk production. In this study, the total feed intake capacity 
for each farm is estimated. This is based on the saturation value of the available feed 
products given to the animals (i.e. by-products, pasture and maize), a fixed amount of 
concentrate given per cow per year and a fixed level of milk production per cow per 
year. This presents the baseline situation of the farm. Estimating the feed intake capacity 
is needed to allow changes in concentrate intake when simulating grazing management. 
The baseline situation for each simulated farm is based on the farms’ estimated feed 
intake capacity and the available farm´s accountancy data. Next, the grazing 
management of the farm is changed by shortening the number of grazing days (GM1 and 
GM2) or reducing the hours of grazing per day (GM3). The size of the change depends on 
the grazing history of the simulated farm.  
 
The data used for the DairyWise simulations include the number of adult dairy cows, 
replacement rate, hectares of pasture and corn, concentrate intake in kilogrammes, use 
of by-products in kilogrammes, milk production in litres, percentage of fat and protein in 
milk and grazing management (hours of grazing per day, date of turn out and date of 
housing). In our data set, not all information is available, thus several assumptions 
needed to be made. When required data are not available (e.g., percentage of stillborn 
calves) either the default setting in the model is chosen, or the average of  the FADN 
dairy farm in Flanders. The following assumptions are included: 1) the soil type 
consisting of coarse sand with bog or sandy foundation soil, because this soil type is 
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most common in Flanders; 2) all pasture land is assumed to be available for grazing, 
because based on the available data no distinction can be made between pasture used 
for grazing and pasture used for production of hay and grass silage, without grazing; 3) 
DairyWise estimates the amount of pasture used for grazing and roughage production 
based on the number of young stock and adult dairy cattle, feed intake capacity, intake of 
concentrates and by-products, daily grazing time, length of the grazing season and 
available hectares of corn; 4) the period that young stock is turned out on pasture is 
assumed to be similar for each farm and therefore the default setting of the model is 
used; 5) further default settings are chosen for calving pattern, type of housing, flooring 
type, amount of hired labour, type of machinery for pasture and feed production, 
fertilisation norms, and harvest amounts.  
 
5.2.3.3 Inefficiency effect model 
The inefficiency effect model, described in chapter 3 above, is used to estimate the direct 
effect on milk production (output) of a lower level of infection as a result of changing 
grazing management. The inefficiency effect model is based on Stochastic Frontier 
Analysis (SFA) and explains the differences in TE between farms by incorporating an 
explanatory variable. The model links an ODR change to a change in TE, which can be 
linked to a change in milk production. The change in milk production is estimated for 
each individual farm for GM1, GM2 and GM3.   
 
5.2.3.4 Partial budgeting 
Based on the changes in inputs and output, partial budgeting is applied to calculate the 
economic effect of the grazing management strategies. A partial budget only takes the 
cost and revenue components into account that change due to tactical management 
adjustments without extra investments. The net effect is the difference between 
aggregate positive and negative economic effects. The gross margin is calculated before 
and after implementing grazing management to evaluate the change in gross margin. 
Additionally, a sensitivity analysis is performed to evaluate the effect of price 
fluctuations on the change in gross margin. Price changes of plus and minus 20% for 
concentrates and milk are evaluated.  
 
5.2.4 Farm-specific analysis  
 
The second objective of this chapter is to determine the required extent of farm-
specificity needed to study the economic effect of grazing management. In chapter 4, a 
differentiation of the farms is done by clustering the sample into three groups of farms 
differing in their input-output transformation. In this chapter, we continue working with 
this differentiation to account for farm specificity. Group 1 is characterised by a high use 
of concentrates, roughage and pasture per cow and a low milk production per cow and 
infection level that lies between the other two groups. Group 2 is characterised by a high 




infection. Group 3 is characterised by a high use of concentrates per cow, a high milk 
production per cow and a low level of infection.   
 
In literature, the representative farm of a population is frequently used to determine the 
effect of management changes (Buysse et al., 2005; Huijps et al., 2010; Oudshoorn et al., 
2011). At first instance, we follow this procedure and simulate the effect of grazing 
management on the average farm of each group. This results in a total of 4 simulations 
per group (1 baseline and 3 grazing management simulations). The baseline situation of 
the farm in each group is based on the average farm data and therefore also the average 
grazing history. However, the average grazing history is similar between the groups.  
 
Second, grazing management is simulated on each individual (pooled) farm in the data 
set and the average effect per group is then calculated. This approach is applied to study 
to which extent the results of simulating grazing management on an average farm will 
differ from simulations on the individual farms. The grazing history of each individual 
farm is taken into account and therefore the simulated change in grazing days, grazing 
hours per day and ODR reduction is different for each farm.   
 
Finally, the results of the 10% farms with the highest TE within each group are selected. 
Again, the average effect for each group and each type of grazing management is 
analysed. The aim is to study the difference between the results of approach two and the 
results of using a still more homogenous sample. The question to answer is whether 
grazing management should be analysed at individual farm level or whether 




First, we report the overall effects of the grazing management on the inputs and output 
shift on the farms, as simulated with DairyWise and the inefficiency effect model. Next, 
the resulting technical and economic performances are given, as obtained with the 
partial budgeting and efficiency analysis. Finally, results are presented according to 
different degrees of farm specificity we wish to compare.   
 
5.3.1 Overall changes in the inputs and output 
 
Simulating changes in grazing management with DairyWise results in a change in feed 
ratios because the cows spent less time on pasture. In all simulations, the use of 
concentrates increases and the use of maize (i.e. roughage) reduces. Reducing the time 
on pasture results in an increase of the harvest of grass products from pasture, like hay 
and grass silage (i.e. more harvest for roughage results in better exploitation of grass 
growth and lower grazing losses). Therefore, more hay and grass silage are used, which 
is compensated by reducing maize intake.  
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Besides changes in feed use, the costs for producing maize and pasture also change. The 
costs for maize decrease, because of reduced hired labour costs. This results in a 
reduced roughage price per kg. Although less fertiliser is used on pasture, the costs for 
pasture increase due to an increase of hired labour costs needed for maintaining and 
cultivating pasture land. This results in a higher pasture price per ha. Additionally, water 
use and manure sales costs increase, which results in higher other variable costs.   
 
An increase in milk production for each type of grazing management is estimated with 
the inefficiency effect model, which links the change in infection to a change in milk 
production. The increase in milk production is merely caused by a lower level of 
infection. We assume that the change in feed use, caused by an adapted grazing 
management, did not influence the milk production. The highest increase in milk 
production is for GM1, which can be explained by the significant decrease in the level of 
infection.  
 
Table 5.2 The technical and economic effects of grazing management simulated on the 














(€/cow) TE2 AE2 
1 GM1 +184 +20.26 +15.29 -189 -0.080 -0.059 
2 GM1 +245 +0.169 +11.12 -234 -0.113 -0.073 
3 GM1 +62 +0.034 +12.00 -50 -0.051 +0.004 
1 GM2 +34 +0.028 +6.13 -28 -0.050 -0.011 
2 GM2 +257 +14.26 +4.46 -267 -0.113 -0.073 
3 GM2 +47 +0.012 +4.81 -42 -0.051 0.000 
1 GM3 +100 +0.322 +2.75 -98 -0.019 -0.101 
2 GM3 +212 +56.27 +2.00 -267 -0.057 -0.149 
3 GM3 +78 +0.105 +2.16 -76 +0.004 -0.066 
1 GM1 = later turnout of dairy cattle on pasture; GM2 = earlier housing of dairy cattle; GM3 = shorter 
grazing time per day; 2 TE = technical efficiency; 3AE = allocative efficiency 
 
5.3.2 Effect on technical and economic farm performances of the average farm 
 
Shift in inputs and changed milk production cause a decrease in gross margin per cow 




average farm, irrespective of the group the farm belongs to (Table 5.2). However, the 
size of the decrease in gross margin differs between the strategies and groups. The 
strategy that results in the smallest decrease in gross margin is not the same for each 
group and therefore different for each average farm. The decrease in gross margin was 
due to a higher increase in costs rather than a decrease in revenue. The higher costs are 
predominantly caused by an increase in feed costs: concentrate use per cow increases 
and price for pasture also increases. The increase of the other variable costs is due to 
additional water use and cost of manure sales. The size of the cost increase differs 
between the strategies and groups: this is explained by the differences in size of the 
change in feed intake and feed price, and the original starting prices of the inputs. The 
increase in revenue results from an increase in milk production and differs between the 
strategies and groups. This is explained by the difference in ODR reduction between the 
strategies and the different TE scores of the average farm in each group.  
 
In general, the TE and AE decreases. This indicates that the farms use their inputs less 
efficiently to produce output and also use their inputs in a less efficient combination 
according to the prices. Some exceptions exist, however; for example, Group 3 GM1 uses 
his input less efficiently to produce output, but uses his inputs in a more efficient 
combination. This may explain the smaller decrease in the gross margin. However, 
Group 1 GM2 shows the smallest decrease in gross margin, but with a decrease in both 
TE and AE. This is explained by the relative character of efficiency, which does not 
consider the absolute values. The decrease in the efficiency means that the improvement 
rate to become technically and/or allocatively efficient become higher. This depends not 
only on the change in efficiency, but also on the original level of efficiency before change. 
For example, the change in TE is similar between Group 3 GM2 (-0.051) and Group 1 
GM2 (-0.050), but the relative change in improvement rate to become technically 
efficient is much smaller for Group 3 GM2 (8%) than for Group 1 GM2 (12%). This is 
explained by the lower original TE score of Group 1 GM2 (0.662 vs. 0.809).   
 
5.3.3 Effect on technical and economic farm performances of the individual farm 
 
Although the gross margin increases for Group 1 GM 1, on average the gross margin 
decreases for each type of grazing management and for each farm (Table 5.3). The 
change in gross margin is smaller when simulating grazing management on the 
individual farm compared to the average farm. The smaller decrease in gross margin is 
explained by the smaller increase of the costs, but relatively similar increase in revenue.  
 
The change in TE and AE differ for each type of grazing management and for each farm. 
Depending on the situation, TE and AE either increases or decreases. The change in TE 
and AE are smaller compared to the results of the average farm simulations. The AE 
increases when implementing GM2 and decreases when implementing GM3. This may 
be explained by the increase in price per ha of pasture or the increase use of 
concentrates. Higher pasture costs result in a change of the allocatively efficient input 
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combination. When the price of pasture becomes relatively higher in comparison to the 
other prices of inputs, the allocatively efficient input combination shifts in the direction 
of the farm with relative less pasture use. It is expected that the farms are closer to the 
direction of relatively lower use of pasture, because the AE of the farms are increasing. 
However, the use of concentrates increases and relatively less pasture is used, therefore 
farms move closer to their allocatively efficient input combination. Consequently, AE 
increases.   
 
Table 5.3 The average (5th and 95th percentile in parentheses) technical and economic 





















































































































































1 GM1 = later turnout of dairy cattle on pasture; GM2 = earlier housing of dairy cattle; GM3 = shorter 





The results show a high variation between farms within groups. The high variation 
suggests that an increase in the gross margin is possible when implementing grazing 
management, but that the size of effect is highly variable among farms and strategies. 
The TE and AE scores also show a large variation among farms and strategies.  
 
5.3.4 Effect on technical and economic farm performances on more homogenous 
individual farms 
 
Table 5.4 The average (5th and 95th percentile in parentheses) economic effect of 





















































































































































1 GM1 = later turnout of dairy cattle on pasture; GM2 = earlier housing of dairy cattle; GM3 = shorter 
grazing time per day; 2 TE = technical efficiency; 3AE = allocative efficiency 
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Simulating grazing management on the 10% of farms with the highest TE gives more 
refined results (Table 5.4). The variation in effects of grazing management upon the 
farms costs, revenues and gross margin are smaller compared to the previous results. 
However, a decrease in gross margin is still present, with exception of Group 1 GM1.  
This suggests that further specification of the farm performances results in more precise 
results. The average change in the technical and cost allocative efficiency score do not 
differ from the results when all farms are included in the analysis, but the variation is 
smaller.  
 
5.3.5 Sensitivity analysis 
 
A sensitivity analysis is performed to study how changes in the gross margin are affected 
by a change in price of milk and concentrates. The negative effect on gross margin due to 
grazing management is less when the milk price increases or the price of concentrates  
decreases. However, since the absolute change in kilograms of concentrates is larger 
than the absolute change in litres of milk, when implementing grazing management, the 
reduced negative effect on gross margin is larger when increasing the price of 
concentrates. Although the gross margin still decreases due to grazing management, the 
average decrease in gross margin is less with €3 per cow when the price of milk 
increases with 20%. When the price of concentrates decrease with 20%, the decrease in 




Although implementing grazing management is described as a good way to control GI 
nematode infections, grazing management does not appear to be attractive from an 
economic point of view. Grazing management does result in higher milk production per 
cow, but the extra costs exceed the additional revenues. The extra costs are mainly 
caused by the increase in use of concentrate to compensate for less grazing and increase 
costs for pasture (i.e. higher maintenance, cultivation and hired labour costs). These 
effects are confirmed by previous studies that compare confinement housing with 
grazing systems (Ford, 1996; White et al., 2002; van der Pol-van Dasselaar et al., 2013).  
 
Whether the combination of methods as presented in this study is useful for describing 
the economic effect of grazing management to control GI nematode infection in dairy 
cattle depends on several assumptions:   
 
1. Only the direct effect of GI nematode infection on milk production is estimated, while 
literature also reports an effect on feed intake and conception rate due to a lower level 
of infection, which also is expected to affect milk production indirectly (Charlier et al., 
2009a). The change in feed intake and conception rate are not considered, because the 
currently available information in literature is insufficient to relate such change to a 




minor. Further research may can study the extra feed intake by including the extra milk 
production in DairyWise, which is expected as a result of extra nutritional need due to a 
lower level of infection.  
 
2. Reducing grazing time results in higher amounts of available hay and grass silage 
products, which are assumed to be stored and fed to the cows. However, some farmers 
may decide to sell these remaining feed products in case of surplus and the revenues 
would increase. This is not estimated since no information is available on this particular 
subject. Extra costs for storing feed are also not included, because they are a part of fixed 
costs.  
 
3. The effect of implementing grazing management depends on the farm´s grazing 
management that is already applied. For farms that use a relatively late date of turnout 
on pasture, the number of days grazing are reduced less as compared with farms with an 
earlier date of turnout. This results in a smaller reduction in the level of infection due to 
grazing management. In this study, information on the grazing history is only available 
for 84 farms; grazing management for non-studied farms is assumed to be similar to the 
average farm of the sample. Additionally, grazing history data concern  the year 2006, 
while the accountancy data of the farms are pooled for the period 2006-2010. The 
starting situation of the farms concerning grazing management may therefore not 
accurately reflect reality. 
 
4. Generic assumptions are made in this study, because DairyWise needs a large amount 
of farm-specific data that are not all available (see also section 5.2.3.2). Additionally, 
DairyWise is originally designed for the Dutch dairy sector and may not be fully 
representative of Belgian farms. These general assumptions may affect the farm-specific 
character of the results. 
 
A selective number of grazing management types are chosen in this study although 
literature describes several others that can be linked to lower levels of GI nematode 
infection in dairy cattle. Our choice for grazing management is based on availability of 
quantitative relationships in literature that can link grazing management to a 
measurable level of infection, the available level of detail in our data set and the range of 
possibilities available when using DairyWise. For example, an increase in stocking rate is 
linked to the level of infection. However, our accountancy data does not include 
information on the stocking rate on grazing pasture, therefore increasing the stocking 
rate on pasture is expected not to give realistic farm-specific results.  
 
Three approaches are used to study to which extent the effect of grazing management 
needs to be analysed at individual farm level. The greatest economic loss and decrease of 
efficiency is observed when simulating grazing management on the average farm of a 
group. When performing the simulations at individual farm level, the average effects are 
smaller and the variation between farms is high. These results suggest that for some 
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farms implementing grazing management to reduce GI nematode infection can be 
attractive, because of a positive economic effect. This also implies that simulating 
grazing management decisions on representative farm data does not provide a realistic 
reflection in practice and therefore advice based on average farm data can lead to 
erroneous decisions (Becker, 1963; Dalgaard et al., 2006). Selecting a more homogenous 
groups of farms results in similar average results, with smaller variations. Making 
grazing management decisions for a group of more homogenous farms may therefore be 
more appropriate. Based on this study, we suggest that it is preferred to analyse the 
utility of implementing grazing management at the individual farm level. 
 
Since grazing management generally results in a decrease in gross margin, it may not be 
the best economic option to reduce the level of infection. As a consequence, we suggest 
that farm advisors should consider as many farm-specific effects as possible. We further 
suggest that they should not solely focus on grazing management to reduce the level of 
infection, but should also take the economic effects into account. Further research may 
better analyse improvement measures that are associated with technical and/or 
allocative efficiency improvements. Efficiency analysis allows the study of how farms 
could improve their technical and/or economic performances, instead of just studying 
different management options until we find the best ones. Therefore, the technically 
efficient point on the frontier needs to be known and the path from the studied farm 
toward the technically efficient point can be indicated (i.e. the improvement paths). This 
can also be done for the point of allocative efficiency. Along this improvement path, we 
will find a set of reference farms. By comparing the KPIs of the reference farms with the 
studied farm suboptimal KPIs can be detected. Van Meensel et al. (2012) describes this 
approach in a case on pig finishing. Of course, other improvement paths may also be 
indicated that focus on improving animal health. One such example would be to indicate 
improvement paths to farms with better efficiency scores that also have a lower level of 
infection. Such an approach will also be able to include the management preference of 
the farmer, which has not been captured in this study, but which seems to be 
increasingly important for animal health economic decisions (Valeeva et al., 2007; 
Hogeveen et al., 2011). 
 
The combination of different methods allows for determining the economic effect of 
grazing management on whole-farm performances. An important question is whether 
the different methods are compatible. For example, the efficiency framework explicitly 
uses a given type of production function, but does the production function of the 
efficiency framework comply with the functions assumed in DairyWise? Further 
research is required to study whether combining other type of methods will yield other 








This is the first study that estimate the economic effect of grazing management to 
control GI nematode infections in dairy farming. Implementing grazing management on 
dairy farm results on average in a decrease of the gross margin. In general therefore it is 
economically unattractive to dairy farms to implement grazing management. However, 
because of the differences between farms for some farms it may be of interest. The 
results in this study show high variation among farms. It can be concluded that using 
data from an average farm to determine the effect of grazing management is inadequate 
for developing individual farm advice. Although analysis on farms with a more 
homogenous input-output production reduces the variation, grazing management 
decisions should start as much as possible from the individual farm level. To make more 
optimal economic-epidemiological decision in the futures, it may be most effective to 





General discussion:  
Towards the development of a farm-specific 




















In this dissertation, several theories and methods are presented to improve the 
understanding of the farm-specific economic impact of animal diseases to support farm-
specific decisions on animal diseases. Literature points out a lack of production 
economic principles and farm-specific focus in the economic analysis of animal diseases. 
The main objective of this dissertation is to explore how economic and epidemiological 
information can be combined within a production economic framework at individual 
farm level in order to allow farm-specific decision support on animal diseases. A case 
study on gastrointestinal (GI) nematode infections in adult dairy cattle is therefore used.  
In this discussion section, first, the contribution of the work to better farm-specific 
economic-epidemiological decisions is discussed, second, possible implications for 
farmers, veterinarians and policy maker are explored. The findings are presented by 
answering the research questions that are posed in the introduction.  
 
6.2 Improved farm-specific economic-epidemiological decisions on 
animal health  
 
Research question 1: Which methods can integrate economic and epidemiological 
information to perform refined and farm-specific evaluations of the economic 
impact of animal diseases and their control strategies in dairy farming?  
 
The first research question concerns the methodology of merging information from two 
disciplines in order to support economic–epidemiological decision making. Many 
methods seem eligible and are actually used, but they give only partial insights, and lack 
the basis of economic principles. This dissertation proposes an integrative conceptual 
framework that combines positive and normative methods to evaluate the economic 
impact of animal diseases and their control strategies. First, the added value of the 
conceptual framework as such is discussed: what does it mean for economic-
epidemiological performance measurement? Next, the findings of this dissertation are 
discussed concerning the integration of methods (see Table 6.1) to make the framework 
operational.  
 
Frequently used economic assessments in animal health economics are based on cost 
calculations, cost-benefit analysis and budgeting techniques. Although these methods 
can integrate economic and epidemiological information, they are often based on 
average price figures and poorly support optimal economic-epidemiological decision 
making. To analyse the effect of GI nematodes and control strategies on the whole-farm 
performance, a more integrative approach is required (Morgan et al. 2013; van der 
Voort et al., 2013). Therefore, the conceptual framework in this dissertation proposes 
the use of production theory to position individual farms in relation to a production 
function as performance benchmark and links this position to the level of infection and 
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control strategies. This framework deals with several problems in the current economic-
epidemiological decision making. First, it allows for integrating both production effects 
and resource adjustments due to infection or control strategies, because the production 
function implicitly considers outputs as well as inputs. Second, erroneous linear 
reasoning is avoided by taking into account the likely non-linearity of the production 
function. Third, the framework allows for linking the performance of individual farms to 
infection levels and control strategies. Fourth, by considering farm performances in 
relation to performance benchmarks, the effect of controlling diseases can be compared 
with the effect of other improvement strategies. The framework provides for an 
additional insight in the effect of GI nematode infections on the economic farm 
performances of dairy farms. The frequently used economic assessments mentioned 
above, however, can be complementary to describe the impact of improvement 
strategies. 
 
Table 6.1 Overview of the methods and their function in economic-epidemiological 
performance measurement 
 
    Methods Function  
Efficiency analysis Determines the unique position of each farm in the input-
output space and relates this position to infection levels 
and control strategies. 
Cluster analysis Identifies groups of farms that are different in terms of 
input-output transformation. The relation between 
infection and performance can then be analysed for these 
different groups. 
Partial budgeting Assesses the effect of diseases and control strategies on 




Analyses the effect of grazing management strategies on the 
production parameters of the farm. 
 
A first method that is applied to make the framework operational is efficiency analysis, 
which use is two-fold in this dissertation. Efficiency analysis is used to position farms in 
the input-output framework and information on infection is incorporated to determine 
the effect on efficiency. The strength of efficiency analysis is, first, that it integrates the 
effect of an animal disease on partial productivity indicators into an effect on the overall 
technical and/or economic performance of the farm. A combination of benchmarks 
obtained from different partial productivity measures may not be realistic (see Van 
Meensel et al., 2010b), while efficiency analysis provides a benchmark for the overall 





Second, it considers scale issues and therefore differences in production scale between 
farms are taken into account.  
 
Third, efficiency analysis makes a distinction between technical efficiency and input 
allocation. It allows to determine farm-specific benchmarks for technical efficiency and 
cost minimizing input allocation. This allows for establishing links between infection 
level and technical efficiency on the one hand and infection level and cost allocative 
efficiency on the other hand. For each farm, technical and cost allocative improvement 
paths can be assessed and it can be analysed whether these improvement paths result in 
economic-epidemiological win-win or trade-off. This also allows for identifying 
economic beneficial measures to reduce infection levels.  
 
Efficiency analysis has, however, also a number of drawbacks. In the following 
paragraphs, several limitations of efficiency analysis are presented and anchor points 
are provided for tackling these issues in further research. The first drawback concerns 
the measure of efficiency, which does not provide information on the actual decision 
variables. This disadvantage can be overcome by combining the use of efficiency 
analysis and traditional key performance indicators (KPIs). To take advantage of both 
methods, reasonable benchmarks and improvement paths can be assessed with 
efficiency analysis, while the decision variable to steer farmers towards changes can be 
described in terms of traditional key performance indicators. This allows for comparing 
the KPIs of the studied farm with those of the efficient benchmark farm.   
 
Second, since cost efficiency estimates are based on relative prices, the use of absolute 
prices is needed to assess effects in monetary values. Also here, efficiency analysis can 
be used complementarily with traditional KPIs, where KPIs allow for taking into account 
absolute price levels and expressing effects in monetary values. 
 
The third issue is the functional form of the production function that needs to be chosen. 
This can be a piece-wise function when using Data Envelopment Analysis (DEA) or a 
functional form selected in advance by the researcher when using Stochastic Frontier 
Analysis (SFA). In this study, this point is addressed when comparing two functional 
forms to analyse the effect of infection on technical efficiency (see chapter 3). Although 
similar results are obtained for both functional forms, the choice of functional form may 
be more important when input allocations are considered. Optimal input allocations 
depend on the functional form and determine whether infection and economic 
performance can be improved simultaneously. Further research may address this issue. 
 
Fourth, this dissertation indicates that allocative efficiency (AE) scores alone are not 
sufficient to determine the unique position of farms in the input-output space. Indeed, 
farms with similar AE scores may be positioned differently in the input-output 
framework. Therefore, chapter 4 provides a new measure, the input allocation index 
(IAI) which is constructed with fictive input price proportions rather than real prices. In 
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this study and for the given sample of dairy farms, the IAI is applied in a constant 
returns to scale framework. Further methodological refinements of this approach are 
desirable. For example, it must be examined whether the approach holds when another 
sample of dairy farms is considered and when variable returns to scale are considered. 
 
A fifth issue is that the inefficiency effect model that determines the effect of infection on 
technical efficiency, assumes a one-way causal relation between infection and efficiency. 
In reality, this relation may also be the other way around, as high productive farms may 
be more susceptible to infection than low productive farms. The same applies for 
infection and input allocation. It means that while infection may influence the 
combination of inputs used (for example less feed intake), the relation may also be the 
other way around. Farms that use a given combination of inputs (for example relatively 
more pasture) may be more susceptible for infection. Therefore, in this dissertation, no a 
priori causality direction is assumed when combining technical efficiency and input 
allocation to relate infection to the position of farms in the input-output space. If 
research would be able to determine the causality relation, this could be integrated in 
existing efficiency approaches. One possibility is to use Granger-causality tests (Arellano 
and Bover, 1995; Blundell and Bond, 1998), but one has to keep in mind that they 
require a large data set over several years. The data set in this dissertation did not allow 
for performing a relevant Granger-causality test.  
 
A sixth issue is that only a selection of inputs and output are included in the efficiency 
models and not all inputs and outputs of the farm. For example, investment costs are not 
taken into account. These costs are not included in the analysis, because they are not 
related to the level of infection or control strategies. Including investment costs can be of 
interest when disease control strategies require investments, for example biosecurity 
measures like sanitary barriers, which require double fencing (Schaik et al., 2001). In 
this dissertation, only those inputs are selected that have an important impact on the 
milk production, that are possibly to related the GI nematode infections and that can be 
adapted by the farmer to control the infection in the short run. 
 
The second method that is used in this dissertation is cluster analysis. An advantage of 
cluster analysis is that it can identify farms with similar production. In this study, cluster 
analysis identifies homogeneous groups of farms based on their unique position in the 
input-output framework. Chapter 4 shows that this unique position can be associated 
with the level of disease, economic farm performances and grazing management 
strategies. Although determining the number of clusters is based on statistics, it 
introduces a certain element of subjectivism, in the sense that it is the researcher that 
has to determine the number of clusters. In this dissertation, three clusters are selected, 
but the question is whether the selection of a different number of clusters would have 
influenced the obtained results? Further research may focus on the effect of the number 
of clusters on the relation between the farms position in the input-output space and 




because the number of farms in the different groups may become too small to obtain 
relevant findings.  
 
Thirdly, partial budgeting is used. This method is complementary to efficiency analysis 
(see also Van Meensel et al., 2010b). As mentioned above, while efficiency analysis 
provides relative efficiency measures, partial budgeting can be used to incorporate 
absolute price levels and to describe decision variables to steer farmers towards change.  
 
Finally, a fourth method that is used is a whole-farm simulation model. This study uses 
an existing model called DairyWise developed by Wageningen UR Livestock Research. 
DairyWise incorporates a large amount of detailed technical relationships at farm level 
and allows for detecting the effect of control strategies on the amount of inputs that are 
used and the amount of output that is produced. DairyWise is used, because knowledge 
about the effect of grazing management to control GI nematode infections is insufficient. 
This feature is explored to integrate the estimated changes in production parameters, 
obtained from DairyWise into the efficiency analysis in order to estimate the changed 
impact in economic efficiency. A drawback of the model is that a large amount of farm-
specific data needs to be included in the model, while this information is not always 
available. In this dissertation, that leads to the unavoidable step to make several 
assumptions. These generic assumptions may affect the farm-specific character of the 
analysis. In addition, DairyWise is not fully representative for Belgian dairy farms, 
because the model is originally constructed for the Dutch dairy sector. Further research 
may focus on collecting more farm-specific information or performing a sensitivity 
analysis, in order to analyse whether and how the generic assumptions in DairyWise 
affect the obtained results. In addition, DairyWise may be fitted more to Belgian 
standards to increase the representativeness of the model.  
 
For applying the conceptual framework that takes into account both the whole-farm 
performance and farm-specificity, all methods described above are used in an 
integrative manner in chapter 5. This chapter combines normative and positive 
information. Yet, the combination of methods exhibits some possible shortcomings. The 
question is whether combining different types of information affects the obtained 
results? For example, DairyWise calculates effects of control strategies on inputs and 
outputs, and these changes in production parameters are further used in an efficiency 
framework. The efficiency framework explicitly considers the production function. 
Nevertheless, one can expect that also DairyWise implicitly assumes a type of 
production function to assess the changes in production parameters. The question then 
is whether these two production functions are compatible, because when combining 
results from various normative models, it needs to be sure that the production function 
assumption still hold. Further research may focus on how a uniform production function 
can be used when combining methods. Another issue is the combined used of generic 
and farm-specific information. The question is, if the generic information would become 
more farm-specific, does it influence the level of farm-specificity of the results? Do the 
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results become more or less farm-specific? The effects of these assumption on the 
specific results will be further discussed in the following research questions.  
 
Research question 2: What is the required extent of farm specificity needed to 
analyse the relation between animal diseases and economic farm performances?  
 
The various methods used incorporate multiple degrees of farm specificity in the 
evaluation of the relation between infection and the economic farm performances. 
Results of these methods contribute to answering the question about the required 
extent of farm specificity when analysing infection and farm performances. Does the 
relationship infection-performance differ between farms and does it matter? To answer 
this question, the findings are based on the empirical research in this dissertation.  
 
This dissertation shows that, although the reduction of GI nematode infections increases 
technical efficiency (TE), the size of this effect differs from farm to farm. In absolute 
terms, low efficient farms can gain, by a similar reduction in infection, higher increases 
in milk production with given input amounts, compared to high efficient farms. 
However, in relative terms, the improvement margin is, by a similar reduction in 
infection, in comparison to the potential milk increase higher for high efficient farms. 
This may suggest that it is more interesting for high efficient farms to focus on reducing 
the level of infection, because this may allow them to become totally technically efficient. 
When also input allocations are considered and when the position of farms in the input-
output space (based on TE and input allocation) is related to infection and grazing 
management, several more differences in results between farms are found. In chapter 4, 
three groups of farms are constructed based on their position in input-output space and 
for each group different economic-epidemiological improvement paths are suggested. 
This dissertation shows that reducing the level of infection may not always lead to a 
more cost efficient use of the inputs. The group of farms with a low TE score may better 
start with focussing on improving TE and AE, before considering a reduction in the level 
of infection. The group with a high TE and high level of infection can increase AE and 
reduce infection simultaneously and therefore reducing infection can be beneficial. 
However, for the group with a high TE and low level of infection, improving AE entails a 
higher infection level and vice versa. 
 
Although clustering allows for considering more homogenous groups of farms, the high 
variation in results between farms within groups indicates that the epidemiological-
economic relationship is even more farm-specific. It is therefore to be preferred to 
consider economic-epidemiological disease management decisions for each farm 
individually. In chapter 5, these results are confirmed by the high variation in effects 
between farms of implementing grazing management measures. When farm-specific 
data are lacking, one must keep in mind that the result concerning the epidemiological-




more homogeneous group of farms in input-output space. This is also confirmed by the 
results of chapter 4.  
 
This dissertation shows that a high level of farm-specificity in the data is needed to 
determine the relation between epidemiology and the farm performances. Although this 
study uses a large amount of farm-specific data, also general assumptions are included. 
For example, the functional form is assumed to be same for each farm. Also, when data 
are missing but needed, for example in DairyWise, farms are assumed to be similar to 
each other. These assumptions are expected to affect the level of farm specificity in the 
results. In addition, cow-specific factors, like immunity status, age of the animal and the 
cow-specific level of infection may play a role as well. In literature, cow-specific disease 
control strategies are indicated to be important. Recent findings suggest that cow 
specific control strategies may be of economic interest and potentially also contribute at 
reducing the amount of residues in the environment and resistance towards 
anthelmintics (Charlier et al., 2012a). Further research may focus on exploring how the 
assumptions have affected the level of farm-specificity in the results and on determining 
whether it is worthwhile to include cow-specific differences and treatments in the 
approach. 
 
Research question 3: What is the relationship between infection, technical and 
economic performance of dairy farms and how is this affected by management 
strategies? 
 
In the different chapters in this dissertation the relationship between infection, technical 
and economic farm performance are indicated. At first this study find that a decrease in 
GI nematode infection increases the technical efficiency of farms, indicates an economic-
epidemiological win-win situation. However, the increase in technical efficiency due to a 
particular infection decrease differs between farms. The explanation of the difference in 
effect between infection and TE between farms lies in the level and combination of farm 
inputs that is used. The increase in technical efficiency, due to a given infection 
reduction, becomes larger when relatively more concentrates and roughage are used. On 
the other hand, technical efficiency increases less when relatively more pasture is used. 
The reduction in milk production and feed intake are two counteracting effects in the 
assessment of the change in TE. For farms using relatively more concentrates and 
roughage, the counteracting effect may be less pronounced and this may result in a 
higher increase in TE due to a decreased infection level. 
 
The economic farm performance does not only depend on the technical efficiency of the 
farm, but also of the combination of inputs used and the prices that are paid for these 
inputs. Also the level of infection is related to the combination of inputs that is used. 
Chapters 4 and 5 show that pasture is the main factor associated with the level of 
infection, which is also confirmed by literature (e.g., Bennema et al., 2010). The use of 
relatively more pasture per cow is associated with a higher level of infection. On the 
General discussion  
107 
 
contrary, increasing pasture in combination with the use of relatively more concentrates 
and roughage is associated with better economic performances. Although an economic-
epidemiological win-win situation is detected between improving TE and reducing 
infection, for some farms a trade-off exists between reducing the level of infection and 
optimizing AE. However, the economic optimization depends on the input prices and 
these input prices fluctuate over time. Therefore, when price combinations are different, 
using relatively less pasture may become beneficially from an economic viewpoint, 
which can then entail an economic-epidemiological win-win situation. Therefore, future 
research may focus more on the long-term impact of price changes of inputs on optimal 
strategies. 
 
The results show that implementing grazing management strategies to control GI 
nematode infections reduces the gross margin. This is due to an increase of the feed 
costs, due to higher use of concentrates and higher costs for maintaining pasture, and a 
relatively low increase in milk production. Although grazing management strategies can 
reduce the level of infection, they result in a lower economic performance. Grazing 
management results in an economic-epidemiological trade-off. Unfortunately, this study 
is not able to take into account all influencing factors. For example, the increase in feed 
intake directly related to a decrease in infection level is not included in the estimations, 
because literature information is lacking. The analysis only considers the effect of 
grazing management on feed use. The results of this study may change when the effect 
of infection on feed intake is also taken into consideration. The feed intake is then 
expected to increase even more, but this would also result in a higher milk production. 
Further research may focus on including these additional effects. In addition, three types 
of grazing management are analysed. Other types of grazing management or a 
combination of measures may be attractive. Further research may focus on analysing the 
economic-epidemiological effect of other measures or measure combinations.  
 
In this dissertation, the focus lies on one animal disease, while interaction with other 
diseases may exist. Including other diseases (e.g., lungworm and mastitis) or 
management factors (e.g., feeing strategies, breeding practices and other animal health 
practices) in the inefficiency model as explanatory variables may be important to 
control for possible confounding factors (Charlier et al., 2005a; Hansson and Öhlmér, 
2008; Lawson et al., 2004a). In further research it may therefore be of interest to include 
several infections at once to analyse possible interactions.  
 
Research question 4: Does the combination of improved farm-specific analysis and a 
whole-farm approach lead to improved economic-epidemiological disease 
management decisions?   
 
This section first describes the added value of this dissertation for management 
decisions on animal diseases in dairy farming and next, how this information can be 




In general, studies assessing the economic impact of GI nematode infections describe the 
partial production losses per cow and some link this to monetary values 
(Bandyopadhyay et al., 2010; Charlier et al., 2012b). The advices on controlling 
infections are mainly based on reducing levels of parasite exposure on the farm without 
considering economic implications. With this dissertation not only the epidemiological 
impact is addressed, but also the economic farm performances are taken into account. 
The combination of these two information sources in an improved farm-specific analysis 
provides additional diagnostics for analysing epidemiological and economic 
improvements. This dissertation shows that when taking into account possible overall 
economic improvement margin, reducing the level of infection may not be the priority of 
farms with low technical farm performances. Mainly for farms with high technical 
performances, reducing the level of infection are of interest. However, when taking 
management measures also the cost of the measure as such should be taken into account 
against the economic benefit of improving TE. Not only the technical performance, but 
also the allocation of inputs needs to be included when measuring the effect of 
management measures to control the disease. Therefore the effect on the AE should be 
studied. Additionally, price changes are expected to affect the AE and therefore it should 
be studied to what extent the benchmark is moving given the price fluctuations.  
 
In literature, studies are found that address the impact of animal health on the technical 
efficiency (Lawson et al., 2004a; Hansson and Öhlmér, 2008; Barnes et al., 2011). These 
studies ignore the allocation of farms inputs and hardly take the farm-specific impact of 
animal disease on the farm performances into account. In this dissertation both 
problems are addressed by implementing IAI and cluster analysis. This dissertation 
clearly shows that, depending on the input-output position of the farm, the effect of the 
disease and disease control is highly different between farms. Therefore, the advice 
given to the dairy farm needs to be considered at individual farm level and needs to be 
based on the farm´s input-output position, the level of infection, management data and 
price information. Implementing grazing management on dairy farm results on average 
in a decrease of the gross margin. However, given the observed farm-specific 
differences, it should be analysed for each farm individually whether grazing 
management can entail an economic-epidemiological win-win-situation. When grazing 
management appears not to be beneficial, other improvement measures that are 
associated with technical and/or allocative efficiency improvements must be 
considered.  
 
The framework presented can strengthen the current advices given to dairy farmers, but 
is subject to causal effects, confounding factors, methodological decisions and the 
collected data as earlier described. Further research may not only include other 
production diseases in the efficiency framework, but may also include specific animal 
welfare measures. This may reveal better insights in possible trade-offs between animal 
diseases, animal welfare and the economic farm performances. 
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A decision support tool based on the framework will require the combination of 
infection data with farm performance data. These data must then be combined with the 
data of other farms, because the framework is based on benchmarking a farm with other 
farms. When bringing the tool into practice, a representative data set of farms must be 
incorporated. This allows to link the data of a particular farms with a data set available 
in the tool. However, combining farm-specific economic data with epidemiological data 
shows not to be straightforward. One of the problems is that accountancy data and 
epidemiological data are two separated data networks.  
 
This dissertation succeeded to match accountancy data with infection data. Despite the 
availability of a relatively large infection data set (N= ±1500), the number of matches 
with the available accountancy data is very small. A representative sample is important 
to determine a correct production function to establish correct practical advice. The 
production function determines the position of the performance benchmarks and 
therefore also the direction of improvement paths that result in an economic-
epidemiological win-win situation. To increase the availability of data in the future, it 
may be of interest to combine animal disease data and accountancy data systematically. 
Today several management software’s are available to record and manage dairy farm 
data (e.g., UNIFORM-Agri, CERES and Dairy Data Warehouse). It allow farmers to collect 
data on herd and cow level from different sources (e.g., milking parlour, dairy 
processors, milk production registration organisations, accountancy data). Such system 
may be also suitable to register data of animal diseases and therewith enlarges the 
number of farm of which accountancy data and infection data is available. With the 
perspective to optimize economic-epidemiological decisions, this integrative data 
collection can support dairy farm advise.    
 
Communication of outputs from a decision support tool based on the novel economic 
framework may not be straightforward, as it implies the use of new methods and 
terminology. Therefore, communication may be enhanced by combining the outputs 
with the effects on traditional KPIs that are more familiar to the farmer.  
 
And what about DairyWise: can this model be integrated in the tool? DairyWise 
incorporates in a detailed manner multiple aspects of dairy farming. This results in a 
detailed and complex model, but also reduces its user-friendliness. Moreover, no free 
licences are available. Integrating the relations of DairyWise into one tool may therefore 
be established by only including those formulas that matter when determining the 
economic-epidemiological impact of grazing management strategies. Another possibility 
to circumvent the highly data demanding DairyWise is to integrate general effects of 
grazing management strategies obtained with the model into the final decision tool. 
However, the fact that the effects of these strategies are highly farm-specific, the general 
effects need to be based on representative estimates for the studied farm. Where ‘a 
representative effect’ stands for the average effect of a group of farms that is highly 




studied farm. Further research may focus on constructing a ‘light version’ of DairyWise 
that is compatible with an economic-epidemiological decision support tool.  
 
A wide range of literature is dedicated to the development of decision support tools and 
their successful implementation into practice. The challenge is to construct a tool that 
complies with a number of critical success factors. Critical success factors that are 
distinguished in literature are perceived usefulness, accessibility, flexibility, credibility, 
maintenance and adaptability (McCown, 2002; Molento et al., 2011; Van Meensel et al., 
2012). An important cause of non-implementation of decision support tools into 
practice is a lack of good collaboration between the model-maker and model-user. 
Therefore, a participatory approach including stakeholders during the design,  
evaluation and implementation of decision support tools is seen as very important (Dìez 
and McIntosh, 2009; Sterk et al., 2009). Further research may focus on the development 
of a decision support tool for economic-epidemiological decision making.     
 
6.3 Implication for farmers, veterinarians and policy makers  
 
Enzootic animal diseases with no direct implication to human health are often left to the 
individual decision of the farmer. Considering the case, it is shown that reducing GI 
nematode infections is of most interest in already highly technically efficient farms with 
a high level of infection. For those farms, reducing the level of infection can be the last 
bit in becoming fully technically efficient and having a more profitable farm. Farms with 
a lower technically efficiency in the transformation of inputs into valuable output can 
make a greater economic improvement by optimizing first other production processes, 
rather than on the reduction of the level of O. ostertagi infection.  
 
One general recommendation for farmers is in any case a better recording of different 
technical, economic and disease variables. Due to the farm-specific character of the 
impact of infections and disease management, farm based decisions can only be made if 
suitable and reliable data are available. Farmers hereby need to be learned to look to 
input-output relations rather than solely focus on partial KPIs, like milk production per 
cow or calving interval. Technological development in precision farming, like robot 
milking, precision feeding, cow sensor technologies for heat detection and diseases 
provides a wealth of new information for farmers that have the potential to improve 
management decisions. However, there will be a great need to develop algorithms and 
models to capture the information in the data. The algorithm can produce information 
about the cow’s health by determining changes in the sensor data (Rutten et al., 2013). 
Concrete examples of sensor data that could be used in the developed economic 
framework are data on milk production and measures on different substances in milk, 
dairy activity, locomotion and feed intake.   
 
Also the role of veterinarians is crucial. Their main focus is on minimizing the level of 
infection and maximizing productivity. However, one may question whether 
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veterinarians who also have a stake in sales of medicines are the best advisers in cases 
where changing the input combination is the more obvious decision. More emphasis on 
the role of veterinarians as whole farm advisors may therefore be important.  There will 
be a shift required integrating more economic knowledge in veterinary education. This 
will also require more interdisciplinary research, for example involving economic and 
epidemiological research fields. During this dissertation, it became clear that the way of 
thinking in both research fields is different as well as the kind of results both fields are 
interested in. More research funding for interdisciplinary collaboration could favour 
interactions. This requires awareness of the scientific community at both sides. The 
NEAT-network (http://www.neat-network.eu), that aims to stimulate the education in 
economics of animal health for those who work in animal health professions, could serve 
as a good starting point. 
 
At first sight, there may not be many policy implications in this dissertation, because the 
focus lies on production diseases in which the dairy farmer is the main decision maker. 
However, when production diseases effect animal welfare or food security, policy can 
play a role. Due to the differences between dairy farms and the farm-specific economic-
epidemiological relationship, it may be important that policy measures provide enough 
freedom to farmers to make their own decisions. Therefore, policy may not force 
farmers to take measures, but may implement minimal standards a farm should comply 
with.    
 
For improvements in operational management and advice on animal health and welfare, 
farmers in Flanders can appeal to a farm decision support system (i.e. 
Bedrijfsadviessysteem, BAS) of the authorities. The outlook to a new Common 
Agricultural Policy (CAP) provides changes that will lead to the development of a new 
decision support system called KRATOS (Vlaamse Overheid, 2014). This system answers 
questions on how farms can comply with the necessary requirements and how to 
improve the operational management. The system does not include economic-
epidemiological decisions and therefore it may be of interest to comply KRATOS with 
epidemiological information on production diseases. 
 
Improving animal health in this dissertation means reducing the level of infection. Under 
the current situation, reducing the access to pasture is associated with lower levels of 
infection. Although reducing the level of infection improves animal welfare, reducing 
access to pasture, may also negatively impact animal welfare (FAWC, 2009). This opens 
an interesting debate on the relation between animal disease and animal welfare. 
Increased public pressure on animal welfare may increase the risk for animal diseases 
(EFSA, 2012). For example, group housing of pigs can increase the spread of diseases 
among the animals, but on the other hand improves animal welfare because of more 
social contact between the animals. This aspect is not taken into account in this thesis 





6.4 General conclusion 
 
The main objective of this dissertation is to explore how economic and epidemiological 
information can be combined at individual farm level in order to make this information 
available for farm-specific decision support on animal diseases. This dissertation shows 
that combining economic and epidemiological information for decision support is 
possible, but not self-evident. Insights are provided on the combined use of economic 
and epidemiological data and different methods on the translation of the results for 
decision support in practice. This dissertation shows the need for epidemiological and 
economic information from a representative set of farms, a combination of positive and 
normative methods and further research on a practical decision support system that is 
capable of embedding these methods. This decision support system should be focussed 
on the individual farm level because the farm performances and also the relationship 
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Appendix 1.  
 
Grazing management survey and the use of 





In welke mate heeft het 
melkvee mogelijkheid tot 
grazen? 
☐1 Niet, staan heel het jaar door op stal 
☐2 Toegang tot betonnen uitloop 
☐3 Toegang tot uitloop met gras (geen grasopname 
als voeding) 
☐4 Dieren hebben weidegang (grasopname als 
voeding) 
Welk type beweidingsstrategie 
voert u momenteel uit?  
☐1 Standweiden (gedurende het volledige seizoen 
op hetzelfde perceel) 
☐2 Omweiden (om de 2-6 dagen omweiden naar 
een ander perceel) 
☐3 Omweiden (om de 2-6 weken omweiden naar 
een ander perceel) 
☐4 Rantsoen beweiden (elke dag een deel van het 
perceel erbij, tot het gehele perceel is beweid)  
☐5 Andere namelijk, ………………………....................... 
Vanaf wanneer wordt het 
melkvee doorgaans uitgeweid?  
☐1 Maart 
1. ☐2 April 
2. ☐3 Mei 
3. ☐4 Juni 
4. ☐5 Andere namelijk, ……………………………………….. 




☐3 Niet veranderd 
Vanaf wanneer vindt het 






☐5 Andere namelijk, ……………………………………… 




☐3 Niet veranderd 
Wat is de gemiddelde graastijd 
per dag tijdens het 
weideseizoen? 
☐1 Dag en nacht 
☐2 Meer dan 6 uur per dag 
☐3 Minder dan 6 uur per dag 




☐3 Niet veranderd 




Wat is het % weidegras in het 
rantsoen tijdens de 
zomerperiode (excl. weidegras 
in de vorm van hooi of kuil)? 
☐1 Geen (0%) 
☐2 Minder dan één derde (1-33%) 
☐3 Tussen één en twee derde (33-66%) 
☐4 Meer dan twee derde (>66%) 
Is het % weidegras in het 
rantsoen de voorbije 5 jaar … 
☐1 Afgenomen 
☐2 Toegenomen 
☐3 Niet veranderd 
Wat is het gemiddelde aantal 
melkkoeien per hectare tijdens 
beweiden op een perceel? 
☐1 < 5  melkkoeien 
☐2 5-10 melkkoeien 
☐3 > 10 melkkoeien 
Is het aantal melkkoeien per 
hectare op een perceel de 
voorbije 5 jaar … 
☐1 Toegenomen 
☐2 Afgenomen 
☐3 Niet veranderd 
Worden de begraasde weiden 
gemaaid voor het 
weideseizoen? 
☐1 Ja, volledig (50-100%) 
☐2 Gedeeltelijk (< 50%) 
☐3 Neen  
Het maaien van begraasde 
weiden is de voorbije 5 jaar … 
☐1 Toegenomen 
☐2 Afgenomen 
☐3 Niet veranderd 
Welke dieren graasden 
gedurende het vorig 
weideseizoen op het grasland 





☐4 Andere namelijk, ………………………………………... 
☐5 Geen 
Wanneer behandelt u 




☐2 Bij het afkalven  
☐3 Bij de droogstand  
☐4 Bij het uitweiden 
☐5 Tijdens het weideseizoen 
☐6 Bij het opstallen 
☐7 Tijdens de stal periode 
☐8 Bij een verminderde prestatie 
☐9 Bij het waarnemen van diarree en hoesten 
☐10 Indien de dierenarts mij dit adviseert 
☐11 Op basis van laboratorium testen 





Indien u uw melkvee 
preventief behandelt tegen 
maagdarmworminfecties hoe 
vaak ontwormt u uw koeien?  
☐1 Ik behandel niet tegen wormen 
☐2 Gebruik ontwormproduct 1x/jaar 
☐3 Gebruik ontwormproduct 2x/jaar 
☐4 Gebruik ontwormproduct 3x/jaar of meer 
Is het gebruik van 
ontwormmiddelen bij melkvee 
op uw bedrijf de voorbije  
5 jaar … 
☐1 Toegenomen  
☐2 Afgenomen 
☐3 Niet veranderd 
Welke maatregel hanteert u 
regelmatig bij het ontwormen 
van melkkoeien? 
☐1 Ik behandel alle dieren tegelijkertijd 
☐2 Ik behandel de individuele dieren die het hardst 
nodig zijn 
☐3 Ik behandel niet voor wormen 
☐4 Andere namelijk, ………………………………………... 
Welk type ontwormingsmiddel 
gebruikt u gewoonlijk? 
☐1 Oraal (via de mond) 
☐2 Pour-on (gieten over de rug) 
☐3 Injectie (inspuiten) 















Zijn eventuele andere opmerkingen die u wenst te geven met betrekking tot 









The changing socio-economic environment challenges dairy farmers to remain 
competitive and increase or maintain animal health. Making the optimal economic-
epidemiological decision demands for an interdisciplinary approach in which the 
individual dairy farmer is the point of focus. Dairy farmers are the main decision makers 
in case of production diseases in dairy cattle, because in most cases production diseases 
are of management origin. However, production diseases are not always perceived as 
being important, because of hidden losses and gradual enter into the daily business of 
the farm. When controlling production diseases, the negative impact of the disease must 
therefore be clear, but also the economic benefit of possible disease control strategies.  
 
A range of publications and methods are available to determine the economic impact of 
an animal disease and/or disease control strategy. Existing applications, however, have 
some limitations hampering effective economic-epidemiological decision making. First, 
they often fail in taking into account some basic production-economic principles. They 
do not consider the production function and assume linear relations between inputs and 
outputs by using average figures. The challenge is to establish more accurate economic 
estimates considering the relationship between inputs and outputs of the farm. Second, 
existing studies often produce generic results, ignoring farm-specific differences. Due to 
the differences between farms, the published average economic impact of a disease or 
control strategy may be different from what individual farmers experience. Missing the 
farm specificity in economic analysis makes it more difficult to take the optimal decision 
at individual farm level.  
 
The objective of this dissertation is to explore how economic and epidemiological 
information can be combined within a production economic framework at individual 
farm level in order to allow farm-specific decision support on animal diseases. The case 
of gastrointestinal (GI) nematode infections is used to answer this objective. The 
conceptual framework that is presented in this dissertation, combines recent insights 
from veterinary science and farm economics. The framework introduces the use of the 
production function, which considers the relation between input(s) and output(s) of the 
production process. On dairy farms, examples of inputs are feed, labour and animal 
health costs, while outputs can be meat and milk. The advantage of using the production 
function is (1) that both input(s) and output(s) of the farm are taken into account and 
that the likely non-linear relation between production and the animal disease can be 
considered, (2) the unique position of the farms is considered in relation to the 
performance benchmark and the relation between this position and the level of 
infection, can be determined. This positioning and relating production to infection 
allows, at individual farm level, to optimize the level of infection and the economic farm 
performances.  
 
This framework is the starting point for empirical and analytical research to evaluate the 
economic impact of GI nematode infections and their control strategies. To make the 





whole-farm simulations are combined in this dissertation. Efficiency analysis is used to 
determine the farms unique position in the input-output framework and to relate this 
position to the level of GI nematode infection and control strategies. Cluster analysis 
groups farms that are similar in their input-output transformation. This allows for 
analysing whether the relation between economic performance and the level of GI 
nematode infection depends on this input-output transformation. While efficiency 
analysis uses relative performance measures, partial budgeting allows for presenting the 
absolute effect of the level of infection and control strategies on conventional technical 
and economic key performance indicators (KPIs). And finally, a whole-farm simulation 
model is used to determine the effect of control strategies on the production parameters 
of the farm. Application of the methods requires farm-specific data on the farm´s 
infection level as well as on technical and economic performances. Therefore, in this 
dissertation, individual farm accountancy data are linked to individual farm GI 
nematode infection data. 
 
The various methods that are used incorporate multiple degrees of farm specificity in 
the evaluation of the relation between GI nematode infections and the economic farm 
performances. This dissertation shows that GI nematode infections reduce the technical 
efficiency of the farms. The size of the effect, however, differs from farm to farm. Low 
efficient farms can gain, by a similar reduction in infection, higher increases in milk 
production with the given input amounts, compared to high efficient farms. Although 
lowering the level of infection results in a higher increase of milk production in low 
efficient farms, for high efficient farms it can be the last bit to become completely 
efficient. When the unique position of farms in the input-output space is considered in 
relation to infection and grazing management, clear differences between farms are also 
observed. Three groups of farms can be distinguished based on their position in input-
output space and for each group different economic-epidemiological improvement paths 
are derived. At the current price levels, improvement of the allocative efficiency (e.g., 
reflects the ability of a farm to use inputs in cost minimising proportions, given their 
respective prices) implies a higher level of GI nematode infection in two of the three 
groups. Only for the group with a high efficiency level and a high level of infection, 
reducing infection seems of economic interest. The high variation between farms within 
groups indicates that the epidemiological-economic relationship is even different 
between individual farms in each group. Overall, the results indicate a high degree of 
farm specificity is required when analysing the relationship between farm performances 
and infection.  
 
A decrease in GI nematode infection increases the technical efficiency of farms and 
results in an economic-epidemiological win-win situation. The increase in technical 
efficiency, due to a given infection reduction, becomes larger when relatively more 
concentrates and roughage are used. On the other hand, technical efficiency increases 
less when more pasture is used compared to other inputs. This dissertation also shows 




infection. On the contrary, increasing pasture in combination with the use of relatively 
more concentrates and roughage is associated with better economic performances. 
Although an economic-epidemiological win-win situation is detected between 
improving TE and reducing infection, for some farms a trade-off exists between reducing 
the level of infection and optimizing AE. When grazing management to control GI 
nematode infections is implemented, the gross margin decreases. This is due to an 
increase of the feed costs, due to higher use of concentrates and higher costs for pasture, 
and a relatively low increase in milk production. Although grazing management can 
reduce the level of infection, they result in a lower economic performance.  
 
The application of the integrative conceptual framework allows to gain additional 
insights about the relationship between GI nematode infections and economic 
performance at farm level. Current advice on controlling infections are mainly based on 
mere parasitological findings on the farm. Considering also economic implications 
provides therefore added value to existing decision making. For the development of an 
economic-epidemiological decision support tool, farm-specific data on infection and the 
farm performances are needed. These data must be combined with the data of other 
farms, because the methods that are used in the framework define farm-specific 
relations based on a data set of several farms. For decision support in practice, the 
different methods considered in this dissertation need to be combined in a practical and 
user-friendly tool. This is not straightforward, because the farmer cannot be expected to 
be familiar with all methods. The results of efficiency analysis, concerning the possible 
improvement margins and the contribution of a lower level of infection and control 
strategies, may best be communicated with traditional KPIs the farmer is familiar with. 
For the development of a decision support tool and its successful implementation into 
practice, the challenge is to construct a tool that complies with a number of critical 
success factors. Critical success factors that are distinguished in literature are perceived 
usefulness, accessibility, flexibility, credibility, maintenance and adaptability. In 
addition, including stakeholders during the design, evaluation and implementation of 
decision support tools is very important.  
 
This dissertation shows that combining economic and epidemiological information for 
decision support is possible, but not self-evident. Insights are provided on the combined 
use of economic and epidemiological data and different methods on the translation of 
the results for decision support in practice. This dissertation shows the need for 
epidemiological and economic information from a representative set of farms, a 
combination of positive and normative methods and further research on a practical 
decision support system that is capable of embedding these methods. This decision 
support system should be focussed on the individual farm level, because the farm 
performances and also the relationship between GI nematode infections and farm 











Een veranderende socio-economische omgeving daagt melkveehouders uit competitief 
te blijven en de diergezondheid op het bedrijf te verhogen. Het maken van de juiste 
economisch-epidemiologische beslissing vraagt om een interdisciplinaire aanpak die 
zich focust op het individuele bedrijf. Bij productieziekten in melkvee is de 
melkveehouder de beslissingsnemer, omdat productieziekten meestal worden 
veroorzaakt door management. Vaak worden productieziekten echter niet beschouwd 
als een probleem, omdat dierziektes meestal verborgen blijven of langzaam in het 
management sluipen. Bij de bestrijding van productieziekten moet daarom niet alleen 
het negatieve effect van de ziekte zichtbaar zijn, maar ook de meerwaarde van mogelijke 
controle strategieën. 
 
Er zijn verschillende publicaties en methodes beschikbaar om de economische impact 
van dierziekten en/of controlestrategieën te bepalen. Echter belemmeren bestaande 
toepassingen een effectieve economisch-epidemiologische beslissing. Ten eerste falen 
de methoden erin om rekening te houden met algemene productie-economische 
beslissingen. Ze veronderstellen geen productiefunctie maar een lineaire relatie tussen 
de inputs en outputs van het bedrijf. Ten tweede komen bestaande studies vaak met 
algemene resultaten en negeren bedrijfsspecifieke effecten. Door de verschillen tussen 
bedrijven, wijken algemene economische impactgegevens van dierziekten en 
controlestrategieën af van wat de individuele melkveehouder in de praktijk ervaart. Het 
ontbreken van de bedrijfsspecificiteit in economische analyses compliceert het nemen 
van optimale beslissingen op individueel bedrijfsniveau.  
 
In dit doctoraat wordt onderzocht hoe economische en epidemiologische gegevens te 
combineren in een productie-economisch kader op individueel bedrijfsniveau om zo 
bedrijfsspecifieke beslissingsondersteuning te bewerkstellen. Hiervoor wordt een casus 
van maagdarmworm infecties in de melkveehouderij gebruikt. Het conceptuele kader 
voorgesteld in dit doctoraat combineert recente bevindingen uit de veterinaire 
wetenschappen en landbouweconomie. Het kader introduceert een productiefunctie, die 
de relatie tussen input(s) (bv. voeder, arbeid) en output(s) (b.v. vlees en melk) van het 
productieproces beschouwt. De meerwaarde van het gebruik van de productiefunctie is 
dat (1) er rekening wordt gehouden met zowel de input(s) als output(s) van het bedrijf 
en de niet lineaire relatie tussen de productiefunctie en dierziekten en dat (2) de unieke 
positie van de bedrijven gerelateerd wordt aan de prestatiebenchmark en de relatie 
tussen deze positie en de infectie wordt bepaald. Deze positionering van bedrijven en de 
relatie tussen productie en infectie laat toe om op individueel bedrijfsniveau de graad 
van infectie en economische bedrijfsprestatie te optimaliseren.  
 
Het voorgestelde economisch-epidemiologische kader is het startpunt van empirisch en 
analytisch onderzoek om de economische impact van maagdarmworminfecties en 
controlestrategieën te onderzoeken. Om dit kader operationeel te maken, combineert 
deze thesis efficiëntieanalyse, clusteranalyse, partiële budgettering en een totale 




bedrijven in het input-output kader te bepalen en deze positie te relateren aan het 
niveau van infectie en controlestrategieën. Clusteranalyse groepeert bedrijven die een 
gelijkaardige input-output relatie hebben. Dit laat toe te analyseren in hoeverre de 
relatie tussen de economische prestatie en het niveau van infectie afhangt van deze 
input-output productie. Terwijl efficiëntieanalyse gebruik maakt van relatieve metingen, 
presenteert partiële budgettering het absolute effect van infectie en controlestrategieën 
op conventionele technische en economische kengetallen. Als laatste wordt een totale 
bedrijfssimulatie uitgevoerd om te bepalen wat het effect van controlestrategieën is op 
de productieparameters. De toepassing van deze methoden vereist bedrijfsspecifieke 
data van de bedrijven over de infectiegraad en de technische en economische prestatie. 
In deze thesis worden daarom boekhoudkundige gegevens van bedrijven gekoppeld aan 
informatie betreffende de infectiegraad op het bedrijf.  
 
De verschillende methoden nemen elk een verscheidenheid aan bedrijfsspecificiteit mee 
in het onderzoek naar de relatie tussen maagdarmworminfecties en de economische 
bedrijfsprestatie. Dit doctoraat toont aan dat maagdarmworminfecties in melkvee de 
technische efficiëntie van de bedrijven vermindert. Echter de grootte van het effect 
verschilt van bedrijf tot bedrijf. Minder efficiënte bedrijven kunnen, bij een zelfde 
verlaging in infectie, een hogere melkproductie halen, met de gegeven input 
hoeveelheden, in vergelijking tot meer efficiënte bedrijven. Hoewel een verlaging van 
infectie tot een hogere toename in melkproductie leidt bij minder efficiënte bedrijven 
kan het voor meer efficiënte bedrijven net dat laatste beetje zijn om volledig efficiënt te 
worden. Er is ook een verschil tussen bedrijven wanneer de unieke positie van bedrijven 
in het input-outputkader wordt bepaalt in relatie tot infectie en weidemanagement. Drie 
groepen van bedrijven kunnen onderscheiden worden op basis van hun positie in het 
input-outputkader en voor elke groep kan een verschillend economisch-epidemiologisch 
verbeterpad afgeleid worden. Alleen voor de groep met een hoge efficiëntie en hoge 
infectiegraad lijkt een verlaging van infectie economisch interessant. De hoge variatie 
tussen de bedrijven binnen deze groepen toont aan dat de economisch-
epidemiologische relatie ook hier heel verschillend kan zijn. Over het algemeen geven de 
resultaten van dit onderzoek aan dat een bedrijfsspecifieke analyse vereist is voor het 
analyseren van de relatie tussen de bedrijfsprestaties en infectiegraad.  
 
Een verlaging van maagdarmworminfecties verhoogt de technische efficiëntie van 
bedrijven en resulteert daarmee in een economisch-epidemiologische win-win situatie. 
Een toename in technische efficiëntie, door een verlaging van infectie, wordt groter 
indien er relatief meer krachtvoeder en ruwvoeder wordt gebruikt. Anderzijds neemt de 
technische efficiëntie minder snel toe indien er meer grasland wordt gebruikt in 
vergelijking met de andere inputs. In dit doctoraat wordt aangetoond dat grasland de 
belangrijkste factor is die geassocieerd wordt met infectie. Het gebruik van relatief meer 
grasland in vergelijking met de andere inputs wordt geassocieerd met een hogere 
infectiegraad. Een daling van grasland gebruik in combinatie met meer krachtvoeder en 




wisselwerking tussen het verlagen van de infectie door minder gebruik van grasland en 
het optimaliseren van de economische bedrijfsprestatie. Ondanks dat er een 
economische win-win situatie wordt waargenomen tussen het verbeteren van de 
technische efficiëntie en verlaging van infectie, bestaat er voor sommige bedrijven een 
wisselwerking tussen het verlagen van infectie en het optimaliseren van de allocatieve 
efficiëntie. Indien weidemanagement wordt ingezet om infectie te bestrijden, daalt de 
brutomarge. Dit wordt veroorzaakt door hogere voederkosten, toename in 
krachtvoedergebruik en hogere kosten voor grasland, en een relatief kleine toename in 
melkproductie. Hoewel weidemanagement een daling van infectie tot gevolg kan hebben 
resulteert dit dus ook in een verminderde economische bedrijfsprestatie.  
 
De verschillende methoden die geïntegreerd worden in het conceptuele kader laten toe 
extra inzicht te krijgen in de relatie tussen maagdarmworminfectie en de economische 
bedrijfsprestatie op bedrijfsniveau. Huidige adviezen omtrent de controle van infecties 
zijn voornamelijk gebaseerd op parasitologische bevindingen op het bedrijf.  Het in acht 
nemen van economische implicaties heeft een toegevoegde waarde voor bestaande 
beslissingen op het bedrijf. Voor de ontwikkeling van een economisch-epidemiologische 
beslissingsondersteunende tool zijn bedrijfsspecifieke data over infectie en de 
bedrijfsprestaties nodig. Het is noodzakelijk dat deze data gecombineerd kunnen 
worden met data van andere bedrijven, omdat de methode die gebruikt wordt 
gebaseerd is op bedrijfsspecifieke relaties. Voor praktische beslissingsondersteuning in 
de praktijk dienen verschillende methoden in acht genomen en gecombineerd te worden 
in een praktische en gebruiksvriendelijke tool. Dit is niet voor de hand liggend omdat 
van de boeren niet verwacht kan worden dat zij bekend zijn met deze methoden. De 
resultaten van de efficiëntieanalyse, de mogelijke verbeterstrategieën en bijdrage tot 
een verlaging van infectie en controlestrategieën kunnen het best gecommuniceerd 
worden met kengetallen waarmee de boer vertrouwd is. Voor de ontwikkeling  van een 
beslissingsondersteunende tool en een succesvolle implementatie in de praktijk moet 
aan een aantal kritische succesfactoren voldaan worden. Succesfactoren beschreven in 
de literatuur zijn bruikbaarheid, toegankelijkheid, flexibiliteit, geloofwaardigheid, 
onderhoudsvriendelijkheid en aanpasbaarheid van de tool. Daarnaast is het betrekken 
van stakeholders in de ontwikkeling, evaluatie en implementatie van een 
beslissingsondersteunende tool erg belangrijk.  
 
Dit doctoraat toont aan dat een gecombineerd gebruik van economische en 
epidemiologische informatie mogelijk is voor beslissingsondersteuning, maar dat deze 
combinatie niet vanzelfsprekend is. Inzichten worden geleverd in het gecombineerd 
gebruik van economische en epidemiologische data, verschillende methoden om dit te 
doen en een vertaling van onze resultaten naar beslissingsondersteuning in de praktijk. 
Een dergelijk beslissingsondersteunende tool zou zich moeten focussen op het 
individuele bedrijf, omdat zowel de bedrijfsprestatie als de relaties tussen 
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